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The  reports  of  research  published  in  this  magazine  are  necessarily  qualified  by  the  conditions  of  the  tests  from  which  the  data  are  obtained. 

Whenever  it  is  deemed  possible  to  do  so,  generalizations  are  drawn  from  the  results  of  the  tests;  and,  unless  this  is  done,  the  conclusions 

formulated  must  be  considered  as  specifically  pertinent  only  to  described  conditions. 
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A  STUDY  OF  SAND-CLAY-GRAVEL  MATE- 
RIALS  FOR   BASE-COURSE   CONSTRUCTION 

BY  THE  DIVISION  OF  TESTS,  BUREAU  OF  PUBLIC  ROADS 


Reported  by  C.  A.  CARPENTER,  Associate  Civil  Engineer,  and  E.  A.  WILLIS,  Associate  Highway  Engineer 


THE  RESULTS  of  an  investigation  of  sand-clay 
materials  for  base-course  construction  were  re- 
ported in  the  November  1938  issue  of  Public  Roads. 
A  similar  investigation  of  sand-clay-gravel  materials 
for  base  courses  has  recently  been  concluded  and  the 
results  of  these  tests  are  presented  in  this  report. 

Insofar  as  possible,  the  same  general  procedure  was 
followed  in  making  this  study  as  was  used  in  investi- 
gating the  sand-clay  materials.  Two  series,  or  a  total 
of  11  mixtures,  were  prepared  using  water-worn  Poto- 
mac River  gravel,  Potomac  River  sand,  pulverized 
silica,  and  a  red-clay  soil  from  the  same  local  source 
as  that  previously  used. 

The  purpose  of  the  study  was  to  determine  the  effect 
of  variations  in  plasticity  index  and  aggregate  grading 
on  the  stability  and  general  serviceability  of  sand-clay- 
gravel  materials  when  used  as  base  courses  for  bitu- 
minous wearing  surfaces.  Such  characteristics  of  the 
base-course  mixtures  as  were  known  to  have  a  direct 
bearing  on  their  stability  were  investigated  in  con- 
junction with  traffic  tests  in  the  circular  track.  These 
factors  included  compatibility,  resistance  to  infiltra- 
tion of  water,  and  resistance  to  softening  and  loss  of 
stability  when  exposed  to  the  action  of  capillary  water 
in  conjunction  with  traffic. 

To  enable  determination  of  the  effect  of  variations  in 
plasticity  index,  the  live  mixtures  of  series  1  were  so 
designed  that  the  fractions  passing  the  No.  10  sieve  were 
essentially  the  same  as  the  five  sand-clay  materials  used 
in  series  1  of  the  previous  tests.  The  plasticity  indexes 
of  the  fractions  passing  the  No.  40  sieve  ranged  from  0  to 
16.  The  material  retained  on  the  No.  10  sieve  was 
intended  to  have  the  same  grading  for  all  five  mixtures, 
but  mechanical  analyses  of  samples  from  the  track 
sections  showed  that  there  were  minor  variations  in 
grading  from  section  to  section. 

In  order  to  determine  the  effect  of  variations  in  grad- 
ing, the  six  mixtures  of  series  2  were  designed  to  have  a 
wide  range  of  gradings  and,  with  the  exception  of 
section     1,    plasticity    indexes    of    approximately    S. 


Section  1  was  designed  to  have  a  plasticity  index  of  0. 

The  gradings  and  soil  constants  of  the  11  materials 
used  in  the  sand-clay-gravel  studies  are  shown  in 
fable  1. 

As  in  the  studies  of  sand-clay  mixtures,  the  indoor 
circular  track  was  used  to  evaluate  the  serviceability 
of  the  various  mixtures  when  used  as  base  courses  for  a 
bituminous  surface  treatment  and  subjected  to  traffic 
under  severe  moisture  conditions. 

MIXTURES  TESTED  IN  CIRCULAR  TRACK 

For  the  traffic  tests  on  the  materials  of  series  1,  the 
track  was  divided  into  live,  7.5-foot  sections,  one  for 
each  of  the  five  test  mixtures,  so  that  t lie  traffic  test 
could  be  made  simultaneously  on  all  five.  The  mate- 
rials of  series  2  were  also  tested  as  a  group  comprising 
six,  6.3-foot  test  sections.  All  the  test  sections  were  ap- 
proximately (i  inches  in  depth  when  compacted  and 
were  laid  over  a  porous,  crushed-stone  sub-base  through 
which  water  introduced  from  below  could  pass.  They 
were  covered,  alter  compaction,  with  a  thin  bituminous 
surface  treatment,  the  purpose  of  which  was  to  afford 
protection  from  the  abrasive  action  of  the  test  traffic 
and  thus  confine  the  test  to  a  determination  of  the 
single  factor  of  stability,  or  resistance  to  internal  move- 
ment under  traffic  with  the  water  table  at  various  ele- 
vations in  the  base  course. 

The  materials  for  each  section  of  scries  t  were 
prepared  for  laying  by  first  thoroughly  mixing  the 
constituent  aggregate  fractions  together  dry  and  then 
adding  sufficient  water  to  firing  the  moisture  content  of 
the  mortar  portion,  or  material  passing  the  No.  f  0  sieve, 
to  its  optimum  moisture  content  as  previously  deter- 
mined by  Proctor  tests  on  the  sand-clay  fractions. 
Because  of  this  use  of  the  fine  fractions  only  as  a,  basis 
for  determining  the  moisture  contents  for  consolidation, 
the  mixtures  proved  to  be  somewhat  deficient  in  mois- 
ture for  maximum  compaction  in  the  track. 

In  order  that  there  should  lie  no  such  deficiency  of 
moisture  in  series  2,  it  was  necessary  to  devise  a  method 


Table  1.      Gradings  and  soil  constants  of  sand-clay-gravel  base-course  materials 


Grading: 

Passing  1-inch  sieve 

Passing  94-inch  sieve 

Passing  ?s-inch  sieve 

Passing  No.  4  sieve 

Passing  No.  10  sieve. . . 

Passing  No.  20 sieve.. . 

Passing  No .  40  sieve 

Passing  No.  100  sieve 

Passing  No.  200  siei  e 

Passing  0.005  mm 

Passing  0.001  mm 

Dust  ratio  ' _ 

Tests  on  material  passing  No.  40  sieve 

Liquid  limit 

Plasticity  index 


Section  1 


Percent 

100.0 

93.4 

81.3 

68.2 

53.5 

44.2 

34.0 

20.7 

10.  9 

5.  1 

2.0 

50 

15 
0 


Perct  nt 
100.0 

'J.;  2 

70.  7 

62.5 

47.  0 

10.3 

31.0 

IS.  1 

15.  1 

6.4 

3.0 

49 

20 


Section  3 


Perct  nt 

1011.11 
89.  2 
74.0 
61.6 

47.  9 

4(1.  3 

31.0 

is.  li 

16  0 

7.8 

5.  0 

52 

24 

9 


Section  4    Section  5 


Percent 

100.0 

93  s 
82  s 
67.  3 
50  3 
13.9 
34.  4 
19.9 
16.7 
8.7 
6.0 
49 

26 
11 


Percent 

100.  0 

90,  3 

73.2 
till,  s 
47.0 
39  5 
30  :; 
18.8 
10.  1 
10.5 
9.0 
53 

31 
16 


Series  2 


,  ret  nl 
100.0 
ss.  1 
70.6 
58  5 
42.  3 
35.  5 
25.  9 
2.  6 


Percent 

100.11 

'is  5 
89.  3 
83  9 
05.  0 
58.  4 
is  5 
20.  0 
24.6 
10.  9 
7  II 
51 

24 
9 


1%  ret  nt 

100.11 
79.4 
58.  9 
41. 
31 


3  o 


Sect  in  11    I 


Percent 

100.11 
97.  5 
90  -' 
82,  5 
II  'J 
37.0 
30.  5 
'.".'.  9 
22.  1 
s  I) 
5  0 


Section  5 


Percent 

100.0 
87.  1 
70.7 
56.  4 
38.0 
32.  5 
24.0 

16  'i 
16.2 
5.  s 

1  (i 
67 


Percent 
100.0 
93.  9 

s;i.  ;j 
75.0 
Hi..  ! 
57.  2 
41.  1 

28.  5 

27.5 

10.  3 

7.0 

60 


i  Dust  ratio=100rperCenta!;e  PaSSiDg  N°-  200sieve1 . 
Lpercentage  passing  No.   40steveJ 

129346- 


_percentage  passing  ] 
-39 1 
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coarse   aggregate 


that  would  take  into  account  the 
fraction.  Since  it  was  considered  impractical  to  make 
the  Proctor  tests  on  materials  containing  1-inch  maxi- 
mum-size stone,  the  moisture  contents  for  the  sections 
in  series  2  were  determined  by  vibratory  compaction 
tests  made  on  the  dry  aggregates,  the  volume  of  water 
used  being  that  computed  to  be  just  sufficient  to  fill  the 
voids  in  the  vibrator-compacted  aggregate.  These 
moisture  contents  proved  to  be  essentially  correct  for 
constructing  the  test  sections  since  they  did  not  render 
the  material  too  wet  to  handle  and  yet  were  high  enough 
to  allow  some  drying  during  compaction  operations 
without  lowering  the  moisture  content  below  the 
optimum. 

The  designed  moisture  contents  and  the  actual  mois- 
ture contents  of  samples  from  the  uncompacted  test 
sections  immediately  after  laying  are  given  in  table  2. 
The  required  amounts  of  water  were  added  to  the 
aggregate  mixtures  on  the  basis  of  their  air-dried  weight 
whereas  the  actual  moisture  contents  after  laying  were 
determined  by  oven  drying.  This  accounts  for  the 
apparent  increases  shown  for  the  more  plastic  sections 
of  series  1  and  the  sections  of  series  2  having  the  higher 
soil-mortar  contents. 

Table  '_'.      /'<  sigi  i  d  moisture  contents  and  actual  moisture  contents 
of  track  sections 


M 

oisttire  eonten 

1 

Designed  by 
Proctor  test 

Designed  to 
fill  voids 

Immediately 

after  laying 

SERIES  1 

Pei  cent 

4.5 
4.8 
4  9 
5.4 
5.5 

Percent 

Perce:, t 

4.3 

2 

4.4 

3 

4. 'J 

4 

5  . 

6.5 

Section  1 

SERIES  2 

10.0 
7.4 
5.  9 
6.6 
6.0 
6.5 

10.7 

2 

8.4 

3       .  .                              

6.2 

4 

6.9 

5.6 

7  2 

1  Based  on  drj 

The  procedure  for  preparing  the  materials  and  con- 
structing the  test  sections  was  as  follows: 

1.  The  moistened  sand-clay-gravel  materials  were 
thoroughly  mixed  to  distribute  the  water  uniformly 
and  were  then  placed  in  the  track  in  two  approximately 
equal  layers,  each  layer  being  compacted  with  pneu- 
matic-tired traffic  uniformly  distributed  over  the  sur- 
face. 

2.  Compaction  was  continued  on  the  top  layer  until 
no  perceptible  subsidence  could  be  produced  in  any 
section  by  additional  wheel-trips.  This  required  30,000 
wheel-trips  for  series  l1  and  42,000  wheel-trips  for 
series  2. 

3.  The  sections  were  sprinkled  with  water  to  soften 
the  surface  slightly  and  were  trimmed  smooth  with  a 
blade. 

4.  After  drying  for  a  few  days  the  surface  was  primed 
with  light  tar. 

5.  As  soon  as  the  prime  had  been  absorbed  and  had 
cured  sufficiently  to  be  fairly  dry,  a  %-inch  surface 
treatment  consisting  of  0.4  gallon  per  square  yard  of 
hot-application  bituminous  material  and  50  pounds  of 
cover  stone  was  constructed. 

1  Introduction  of  water  and  application  of  a  small  amount  of  test  traffic  on  the 
fections  of  series  1  later  proved  that  thorough  compaction  had  not  been  obtah 


6.  The  surface  treatment  was  consolidated  by  apply- 
ing distributed  traffic. 

ADDITIONAL    COMPACTION     NECESSARY    FOR     THREE     SECTIONS 
OF   SERIES    1 

Consolidation  of  the  base  and  surface  treatment  ap- 
peared to  be  completed  in  series  1  after  a  total  of  50,000 
wheel-trips,  and  water  was  then  admitted  to  the  sub- 
base  and  maintained  at  a  height  of  %  inch  above  the 
bottom  of  the  base  course  being  tested.  After  only  300 
wheel-trips  of  distributed  test  traffic,  sections  2,  3,  and 
4  began  to  move  and  displace  so  badly  that  traffic  had 
to  be  discontinued.  The  loss  of  stability  resulting 
from  the  introduction  of  water  was  accompanied  by 
marked  subsidence  over  the  entire  area  of  these  three 
sections.  Section  1,  which  was  nonplastic,  also  showed 
marked  subsidence  although  it  remained  highly  stable. 
Tests  showed  that  with  the  exception  of  section  5, 
which  had  a  decrease  in  moisture  of  1.5  percent,  the 
materials  had  absorbed  from  3  to  3.6  percent  of  mois- 
ture in  addition  to  that  contained  at  the  time  they  were 
laid  (see  table  3).  This  absorption  of  moisture,  to- 
gether  with  the  subsidence  of  the  surface,  definitely  in- 
dicated that  the  moisture  contents  used  for  construc- 
tion in  sections  1,  2,  3,  and  4  were  too  low  to  permit 
maximum  compaction. 

In  an  attempt  to  complete  the  compaction  without 
reworking  the  materials  in  the  weak  sections,  7,700 
wheel-trips  of  additional  distributed  traffic  were  ap- 
plied. This  additional  traffic  resulted  in  the  complete 
failure  of  the  surface  treatments  on  sections  2,  3,  and  4. 


Table  3 


-Moisture  contents  of  the  trod:  sections  at  various  stages 
of  the  investigation 


Series  1 

Moisture  content  expressed  as  a  percentage  of  the  dry  weight 
of  the  aggregate 

When 

laid 

At  50,300 
wheel-trips 

At  58,000 
wheel-trips 

At  75,000 
wheel-trips 

At  425,000 
wheel-trips 

Percent 

4.3 
4.4 

4.9 
5.5 
6.  5 

Percent 
7.3 
8.0 
8.4 
8.9 
5.0 

Percent 

Percent 

Percent 

5.3 

2 

6.7 
0.8 
7.0 

4.6 

4.7 
5.9 

4.9 

3 

5.1 

4 

5.5 

5.. 

6.6 

Series  2 

Moisture  content  expressed  as  a 
percentage  of  the  dry  weight  of 
the  aggregate 

When 
laid 

At  145,000 
wheel-trips 

At  330,000 
wheel-trips 

/',  ret  hi 
10.7 
8.4 
0.2 
6.9 
5.6 
7.2 

l'ircent 
6.2 
6.6 
3.9 
4.9 
4.5 
5.8 

Percent 

6.9 

o 

6.9 

3 

4.0 

4 

4.9 

4.  1 

6 

6.2 

Samples  for  moisture  content  and  density  determina- 
tions were  taken  and  the  surface  treatment  was  re- 
moved to  facilitate  drying  in  conjunction  with  sub- 
sequent compacting  operations.  At  this  time  the 
moisture  contents  of  these  three  sections  were  approxi- 
mately 2  percent  higher  than  when  they  were  originally 
constructed  (see  table  3).  The  condition  of  sections  2, 
3,  and  4  just  prior  to  removal  of  the  surface  treatment  is 
well  illustrated  by  the  photograph  of  section  3  shown  in 
figure  1. 

After  removal  of  the  surface  treatment  from  sections 
2,  3,  and  4,  17,000  wheel-trips  of  additional  compacting 
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traffic  were  applied  in  small  daily  increments,  bringing 
the  total  to  75,000  wheel-trips.  During  this  time  the 
moisture  contents  of  the  three  sections  decreased  to  ap- 
proximately those  at  which  the  sections  were  originally 
laid.  A  new  surface  treatment  was  then  constructed 
and  compacted  with  25,000  wheel-trips  of  distributed 
traffic,  bringing  the  total  to  100,000  wheel-trips. 

The  behavior  of  the  five  sections  under  the  regular 
traffic  test  from  100,000  to  425,000  wheel-trips  will  be 
discussed  fully  later.  At  this  point  the  behavior  of 
sections  2,  3,  and  4  after  recompaction,  will  be  discussed 
in  comparison  with  their  above  described  earlier 
behavior  when  not  fully  compacted. 

During  the  traffic  test  the  water  level  was  gradually 
raised  until  a  height  of  4%  inches  above  the  top  of  the 
sub-base  was  reached  at  370,000  wheel-trips  and  this 
water  elevation  was  maintained  to  a  total  of  425,000 
wheel-trips.  Under  these  extreme  conditions  sections  2 
and  3,  because  of  their  increased  density,  absorbed  only 
0.3  and  0.4  percent  more  moisture  than  they  had  contained 
at  75,000  wheel-trips  and  section  4  actually  showed  a  loss 
of  0.4  percent  moisture.  All  three  sections  were  quite 
stable  throughout  the  test  in  marked  contrast  to  their 
behavior  from  50,000  to  50,300  wheel-trips  when  each 
absorbed  approximately  3%  percent  of  water  and  became 
highly  unstable  because  of  insufficient  compaction. 

No  difficulties  such  as  those  encountered  in  connection 
with  series  1  were  encountered  during  the  compaction  of 
the  materials  of  series  2  because,  as  previously  stated, 
the  original  moisture  contents  were  high  enough  to 
allow  for  appreciable  drying  during  compaction.  Thus 
compaction  was  able  to  proceed  to  the  maximum 
density  obtainable  under  traffic  before  the  moisture 
content  passed  below  the  optimum. 

ONLY  ONE  SECTION  OF  SERIES  1  FAILED  DURING  TRAFFIC  TEST 

Table  4  shows  the  procedure  followed  in  testing  the 
track  sections  in  series  1  with  notations  on  the  behavior 
of  each  section  during  the  test.  Table  5  gives  similar 
information  for  series  2. 

Series  1. — After  all  construction  and  compaction 
operations  had  been  completed  at  100,000  wheel- 
trips,  water  was  introduced  into  the  sub-base  and  set 
at  an  elevation  of  %  inch  above  the  bottom  of  the  test 
base  course.  Distributed  traffic  was  applied  to  a  total 
of  183,000  wheel-trips  and  then,  without  changing  the 
water  elevation,  concentrated  traffic  was  applied  to 
256,000  wheel-trips,  making  a  net  total  of  156,000 
wheel-trips  of  test  traffic.  Section  5  became  unstable 
and  was  rated  as  having  failed  at  150,000  wheel-trips 
(50,000  wheel-trips  of  test  traffic).  Figure  2,  left,  shows 
the  appearance  of  section  5  at  150,000  wheel-trips  when 
its  failure  was  recorded.  On  the  right  is  shown  the 
same  section  at  233,000  wheel-trips  when  measurements 
of  its  surface  displacement  were  discontinued.  The 
other  four  sections  in  the  series,  although  showing 
some  movement  under  traffic  and  slight  cracking  in 
section  4,  were  in  good  condition  at  256,000  wheel-trips 
which  marked  the  conclusion  of  that  phase  of  the  test 
in  which  the  water  was  held  at  the  %-inch  level. 

As  shown  in  table  4,  the  test  with  concentrated 
traffic  was  then  continued  with  the  moisture  condi- 
tions being  made  progressively  less  favorable  until  the 
water  level  had  reached  an  elevation  of  4%  inches  and 
a  total  of  425,000  wheel-trips  had  been  applied.  Sec- 
tions 1,2,  and  3  remained  in  good  condition.  Section  4, 
although  exhibiting  a  high  degree  of  resistance  to 
softening,  considering  the  severity  of  the  test,  developed 


Figure  1. — Appearance   of   Section   3   of   Series    1    After 
58,000  Wheel-Trips  of  Traffic. 

sufficient  rutting  and  cracking  to  require  its  classifica- 
tion as  a  doubtful  or  border-line  material. 

Measurements  of  average  vertical  displacement  made 
with  the  transverse  profilometer  at  various  stages  of 
the  test  are  shown  graphically  in  figure  3.  In  the  tests 
of  sand-clay  materials  described  in  the  previous  report, 
it  was  found  that  unmistakable  visual  evidence  of  fail- 
ure such  as  marked  instability,  breaking  up  of  the  sur- 
face treatment,  and  extrusion  of  mud  through  the 
surface  was  noted  at  about  the  time  the  average  vertical 
displacement  of  the  surface  reached  0.25  inch.  Section 
5  of  series  1  of  the  sand-clay-gravel  materials  showed 
an  average  vertical  displacement  of  only  0.17  inch  at 
the  time  failure  became  visually  evident  but  the  verti- 
cal displacement  continued  to  increase  rapidly,  reaching 
0.34  inch  when  measurements  were  discontinued  on  the 
section  at  233,000  wheel-trips.  The  increase  in  aver- 
age vertical  displacement  for  the  other  four  sections, 
none  of  which  actually  failed,  was  very  gradual  and  the 
total  displacement  never  reached  more  than  0.20  inch 
during  the  regular  traffic  test. 

Section  2,  judged  by  its  rate  and  total  amount  of 
vertical  displacement,  was  markedly  superior  to  any  of 
the  other  sections  in  series  1  and  its  general  behavior 
in  the  track  as  judged  by  visual  inspection  confirmed 
the  evidence  of  the  displacement  measurements.  In 
this  respect,  it  conformed  to  the  behavior  of  the  corres- 
ponding section  of  the  sand-clay  materials  from  which  it 
differed  physically  only  in  having  46.5  percent  of  the 
sand-clay  replaced  with  rounded  gravel  ranging  in  size 
from  No.  10  to  1  inch. 
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Figure  2. — Appearance  of  Section  5  of  Series  1:  Left,  After  150,000  Wheel-Trips,  When  Its  Failure  Was  Recorded. 
Right,  After  233,000  Wheel-Trips,  When  Measurements  of  Its  Surface  Displacement  Were  Discontinued. 


Table  4. — Schedule  of  operations  and  behavior  of  test  sections  in  circular  track  tests,  scries  1 


Traffic 

Water 
level 
above 
top  of 
sub- 
base 

Behavior 

Operation 

Section  1  (plasticity 
index  =0) 

Section  2  (plasticity 
index=5) 

Section  3  (plasticity 
index=9) 

Section  4  (plasticity 
index  =  ll) 

Section  5  (plasticity 
index  =  16) 

Compacting  base  course. 
Compacting   base  and 

Wheel-trips 

o-  30.000 
30, 000-  50, 000 

50, 000-  50, 300 

50, 300-  58, 000 

58, 000-  75, 000 

75, 000-100, 000 

100,000-183,000 

8 183,  000-256, 000 

256-000-320,  000 

320,  000-370, 000 

370,000-425,000 

425,  000-445,  000 

Inches 
(') 
(') 

H 

00 
(>) 
(') 

li 

■i)  2 

')', 

4',. 

Stable  but  raveled  2 

Good 

Stable  but  raveled  2... 
Good 

Stable  but  raveled  2... 
Good 

Stable  but  raveled  2___ 
Good. 

Unstable  at  first.3 
Good. 

surface  treatment. 
Testing    with    distrib- 

 do.< 

do___ 

do.. 

Unstable  5 

Unstable  5 

Unstable  5 

Do. 

uted  traffic. 
Compacting  base  course. 

Drying  and  recompact- 

Surface  treatment  de- 
stroyed.' 

Unstable  at  first  but 
improved  rapidly. 

1 1 1 

Surface  treatment  de- 
stroyed.7 

Unstable  at  first  but 
improved  gradually. 

Good 

Surface    treatment 
badly  damaged.' 

Unstable  at  first  but 
improved  gradually. 

Good 

Do. 
Do. 

ing  base  course. 
Compacting   base  and 

do.. 

Do. 

new     surface     treat- 
ment. 
Testing    with    distrib- 

 do 

Good   but  developed 

slight  rutting. 
do. 

Good     but     cracked 
somewhat  along  cen- 
ter line. 

Good;    some    rutting 
and  cracking. 

No  change  in   behav- 
ior. 

do 

do. 

Good      but      moved 
slightly  under  traf- 
fic. 

Good   but  developed 

some  cracking. 
do 

Movement   increased 
appreciably. 

Appreciable     rutting 

and  cracking. 
Frost  heave,  0.03  inch; 

increased    rutting 

and  cracking. 

Quickly    became    un- 

uted traffic. 

Testing    with    concen- 
trated traffic. 

Do 

Good   but  developed 

slight  movement. 
do 

Good     but     cracked 
somewhat  along  cen- 
ter line. 

Good 

Good  but  developed 

slight  movement. 
do.. 

Good     but     cracked 
somewhat  along  cen- 
ter line. 

Good;    some    rutting 
and  cracking. 

No  change  in  behav- 
ior. 

stable  and  failed  at 
150,000  wheel-trips. 

Do— 

Do 

A     2-foot    segment    of 
each  section  w  as  fro- 
zen with  dry  ice  and 
tested  after  thawing. 

No  change  in  behav- 
ior. 

Frost  heave,  0.1  inch; 
extremely  unstable. 

i  No  water  in  sub-base. 

'i  Raveling  was  caused  by  a  deficiency  of  moisture. 

3  The  early  instability  of  sec.  5  indicated  that  its  initial  moisture  content  of  6.5 
percent  was  sufficient  to  permit  proper  compaction. 

*  Sec.  1  was  stable  but  its  marked  subsidence  under  traffic  when  water  was  admitted 
indicated  a  deficiency  of  moisture  during  compaction. 

5  This  temporary  loss  of  stability  and  the  subsidence  of  the  surface  when  water  was 
admitted  indicated  a  lack  of  compaction  resulting  from  an  initial  deficiency  of  mois- 
ture. 


'  Water  drained  out  of  sub-base  to  allow  unstable  sections  to  dry  and  compact. 

7  Evaporation  of  the  excess  capillary  moisture,  admitted  because  of  the  incomplete 
e  irly  compaction,  was  so  slow  that  the  base  course  material  had  to  be  partially  dried 
by  remixing. 

'  Load  on  each  wheel  increased  from  8>-0  pounds  to  1,000  pounds  at  233,000  wheel- 
trips. 
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Figure  3. — Rate  of  Surface  Displacement  Under  Traffic,  Series  1. 
Table  5. — Schedule  of  operations  and  behavior  of  test  sections  in  circular  hack  tests,  series  2 


Traffic 

Water 

level 
above 
to])  of 
sub- 
base 

Hi 

lavior 

1  Iperation 

Section  1 

Section  2 

Section  3 

Section  4 

Section  5 

Sei  tion  6 

Compacting    base 
course. 

Compacting    base 
and  surface  treat- 
ment. 

Testing    with    dis- 
tributed traffic. 

Wheel-trips 
0-  40,1100 

40,000-  65,000 

05,000-125,1 

'125,000-205,000 

205,000-255,000 
255,000-330,000 

Inches 

(') 

(') 
1., 

1 ,, 
2'  2 

33  2 

Rutted  badly  at. 
first  but  quickly 
became  stable.2 

Good..- 

do 

Excellent 

Slightly  unstable 
at   first;   stable 
later. 

Good 

Very  unstable  al 
first;    gradually 
became  stable. 

Good        

Stable      at      first; 
slightly  unstable 
later. 

1  food      .  

Decidedly  unstable 
at  first;   became 
stable  later. 

Good 

Stable  at  first;  un- 
stable and  cracked 
later. 

Movement    con- 

Good  but   devel- 
oped   slight 
movement    un- 
der traffic. 

Developed     more 
movement    and 
failed. 

do 

do 

do.. 

.  .  do 

Good    but    devel- 
oped slight  move- 
ment. 

Good 

do 

tinued. 
Decidedly  unstable. 

Rutted,   corrugated 

centrated  traffic. 

1  1.1 

do 

and  cracked. 
Failed. 

Do  .. 

....  do    . 

....  do    . 

Developed  2  chuck 
holes;  section  was 
near  failure. 

1  No  water  in  sub-base. 

2  Because  of  its  ability  to  drain  readily,  sec.  1  required  frequent  sprinkling  during 
compaction. 

After  the  conclusion  of  the  regular  traffic  test  on  series 
1  at  425,000  wheel-trips,  the  effect  of  freezing  and  thaw- 
ing was  investigated  to  a  limited  extent.  A  segment  of 
each  section  about  2  feet  long  and  18  inches  wide  was 
frozen  by  placing  a  layer  of  crushed  dry  ice  over  it  and 
covering  the  dry  ice  with  blankets.  Freezing  to  a 
minimum  depth  of  2%  inches  was  accomplished  in 
about  5  hours.  Measurements  of  surface  elevations 
at  this  time  revealed  a  heave  of  0.1  inch  on  section  5  and 
0.03  inch  on  section  4  with  no  change  in  surface  eleva- 
tion for  the  other  three  sections.  After  the  frozen 
segments  had  thawed  out,  20,000  additional  wheel- 
trips  of  concentrated  traffic  were  applied.  Cross  sec- 
tion profiles  indicated  additional  average  vertical  dis- 
placements as  shown  in  figure  4  from  425,000  wheel- 
trips  to  445,000  wheel-trips. 

WATER  ELEVATION  OF  >/2  INCH  PROVED  SEVERE  TEST  CONDITION 

The  average  vertical  displacements  at  370,000  and 
425,000  wheel-trips  from  figure  3  are  repeated  in  figure 
4  to  show  the  effect  of  freezing  and  thawing  on  the 
rate  of  displacement.  The  nonplastic  material  of 
section   1   was  apparently  not  affected,   displacement 


'  Load  on  each  wheel  increased  from  800  pounds  to  1,000  pounds  at  1' 
trips. 


5,000  wheei- 


caused  by  traffic  continuing  at  the  same  rate  after 
freezing  and  thawing  as  before.  The  plastic  materials 
in  sections  2,  3,  and  4,  were  affected  roughly  in  direct 
proportion  to  their  plasticity  indexes.  Section  2,  with 
a  plasticity  index  of  5,  showed  only  a  slightly  increased 
rate  of  displacement  after  freezing  while  section  4, 
with  a  plasticity  index  of  11,  showed  a  very  marked 
increase.  Section  3  was  intermediate  between  sections 
2  and  4  in  this  respect. 

Series  2. — As  shown  in  table  5,  preliminary  compac- 
tion of  the  base  and  surface  treatment  was  completed 
at  65,000  wheel-trips.  Throughout  the  subsequent 
traffic  test  with  water  in  the  sub-base  and  at  gradually 
increasing  heights  in  the  test  base  course,  sections  1, 
3,  and  5  remained  stable  and  showed  no  indications  of 
failure.  Section  2,  as  shown  in  figure  5,  developed 
considerable  movement  and  local  depressions  under 
concentrated  traffic  while  the  water  level  was  still  at 
%  inch  and  was  rated  as  having  failed  at  205,000  wheel- 
trips.  Section  6  was  decidedly  unstable  throughout 
the  test  period,  indicating  impending  failure  while  the 
water  level  was  at  %  inch,  and  was  rated  as  having 
failed  at  250,000  wheel-trips  or  shortly  after  the  water 
level  was  raised  from  }i  inch  to  2}{  inches.     Its  appear- 
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Figure  4. — Effect  of  Freezing  and  Thawing  Circular 
Track  Sections,  Series  1.  (The  Displacements  at  370,000 
and  425,000  Wheel-Trips  Are  Replotted  from  Figure  3.) 

ance  shortly  before  complete  failure  is  shown  in  figure  6. 

Section  4  behaved  well  under  the  test  traffic  until 

after  the  water  level  had  been  held  at  3%  inches  for 


some  time.  It  then  developed  two  chuck  holes  and 
was  definitely  nearing  failure  when  the  test  was  dis- 
continued at  330,000  wheel-trips.  The  latter  circum- 
stance necessitated  its  classification  as  a  doubtful  or 
borderline  material. 

The  development  of  vertical  displacement  as  meas- 
ured with  the  transverse  profilometer  on  the  six  sections 
of  series  2  is  shown  in  figure  7.  For  sections  2  and  6 
the  average  vertical  displacement  at  the  time  visual 
evidence  of  complete  failure  was  noted  was  approxi- 
mately 0.24  inch,  which  is  in  close  agreement  with  the 
results  of  tests  on  sand-clay  materials.  Although  sec- 
tion 4  showed  only  a  slight  increase  in  displacement  up 
to  255,000  wheel-trips,  the  curve  (fig.  7)  broke  abruptly 
upward  after  the  water  level  was  raised  to  3%  inches 
and  apparently  would  have  passed  0.25  inch  at  about 
350,000  wheel-trips  had  the  test  been  continued. 

In  tests  of  both  the  sand-clay  materials  previously 
reported  and  the  sand-clay-gravel  materials  here  dis- 
cussed, the  definitely  unsatisfactory  materials  were 
clearly  distinguished  from  the  rest  by  the  fact  that  they 
either  failed  completely  or  showed  unmistakable  evi- 
dence of  impending  failure  during  the  portion  of  the 
test  when  the  water  level  was  only  %  inch  above  the 
bottom  of  the  test  base  course,  and  in  no  case  were 
more  than  140,000  wheel-trips  of  test  traffic  necessary 
to  bring  out  this  initial  distinction.  This  initial  classi- 
fication was  facilitated  by  the  fact  that  the  displace- 
ment curves  of  the  unsatisfactory  materials  invariably 


m. 


Figure  5.— Appearance  of  Section  2  of  Series  2:  Left,  After  205,000  Wheel-Trips,  When  Failure  Became  Evident  (Note 
That  the  Surface  Treatment  Was  Completely  Sheared  Through  at  the  Depression  in  the  Outside  Rut)  :  Right, 
After  255,000  Wheel-Trips. 
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rose  steeply  or  broke  upward  fairly  early  in  the  test 
whereas  the  displacement  curves  for  the  satisfactory 
and  borderline  materials  tended  to  flatten  out  after 
the  first  few  thousand  wheel-trips  of  test  traffic  (see 
figs.  3  and  7). 

Additional  traffic  and  elevation  of  the  water  level 
were  resorted  to  only  after  the  definitely  unsatisfactory 
materials  had  been  identified,  the  purpose  being  to 
ascertain  if  any  of  the  remaining  sections  were  com- 
posed of  borderline  materials. 

Figure  8,  showing  section  4  of  series  1,  well  illustrates 
the  appearance  of  one  of  the  borderline  materials  at 
various  stages  of  the  test.  The  two  upper  views  show 
the  section  in  excellent  condition  after,  respectively, 
50,000  and  133,000  wheel-trips  of  test  traffic.  At 
these  stages  its  condition  was  typical  of  that  of  any 
of  the  wholly  satisfactory  sections  during  the  traffic 
test.  The  two  lower  views  show  the  results  of  pro- 
longed application  of  concentrated  traffic  under  highly 
unfavorable  conditions.  Even  at  these  stages  the  indi- 
cations of  failure,  although  sufficient  to  place  the  sec- 
tion in  the  border  classification,  were  not  extensive. 

Figure  9  shows  the  condition  of  the  other  borderline 
material,  section  4  of  series  2,  at  330,000  wheel-trips 
(the  conclusion  of  the  traffic  test).  Complete  failure 
had  not  occurred  but  impending  failure  was  clearly 
indicated  by  the  deep  depression  in  the  inside  wheel 
lane.  Tbe  test  conditions  had  been  made  so  severe 
during  the  later  stages  of  the  tests  of  both  series  that 
not  even  the  complete  failure  of  a  section  could  have 
been  construed  to  indicate  a  seriously  inferior  material. 

NEW  INSTRUMENT  USED  TO  TAKE  LONGITUDINAL  PROFILES 

In  addition  to  the  transverse  profiles  which  were 
taken  at  two  stations  on  each  section  and  from  which 
the  average  vertical  displacements  of  the  surface  were 
calculated  (see  figs.  3  and  7),  longitudinal  profiles  were 
taken  along  the  center  lines  of  the  wheel  lanes  with  a 
new  instrument  designed  especially  for  use  on  the  cir- 
cular track  and  used  for  the  first  time  in  these  tests. 


Figure  6. — Appearance  of  Section  (i  of  Series  2  After 
255,000  Wheel-Trips  of  Traffic.  Failure  is  Indicated 
by  the  General  Roughness,  Rutting,  and  Breaking  of 
the  Surface-Treatment. 
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Figure  7. — Rate  of  Surface  Displacement  Under  Traffic,  Series  2. 
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Iki  iie8. — Appearance  of  Section  4  of  Series  1  After  Various  Amounts  of  Traffic:  A,  After  150,000  Wheel-Trips;  B, 
After  233,000  Wheel-Trips;  C,  After  425,000  Wheel-Trips;  and  D,  After  Freezing,  Thawing,  and  the  Applica- 
tion of  20,000  Additional  Wheel-Trips,  Bringing  the  Total  Traffic  to  445,000  Wheel-Trips. 


Figure  10  is  a  photograph  of  the  new  longitudinal 
profilometer  in  position  for  making  a  recording  of  the 
profile  of  the  track  surface.  It  consists  of  a  radial 
frame  pivoted  at  the  central  pedestal  of  the  track 
structure  and  supported  at  its  outer  end  by  two  Hanged 
wheels  arranged  in  tandem  and  running  on  a  peripheral 
steel  track  attached  to  the  outer  curb  of  the  track. 
One  of  these   wheels  drives,   through  an  appropriate 


transmission  system,  the  vertical  drum  that  carries  the 
record  sheet  as  shown  in  figure  10.  This  drum  is 
mounted  on  a  radially  sliding  cage  that  can  be  clamped 
at  any  desired  radius  within  the  width  of  the  track. 
The  cage  also  carries  a  vertical  sliding  measuring  rod 
on  the  lower  end  of  which  is  a  small  caster  that  rests 
on  the  track  surface  and  moves  up  and  down  in  con- 
formitv  with  the  contour  of  the  surface.     At  the  rod's 
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upper  end  is  a  stylus  which  draws  the  surface  profile  on 
the  drum  as  it  revolves  when  the  instrument  is  moved 
around  the  track.  The  drum  makes  one  revolution 
while  the  profilometer  is  making  one  trip  around  the 
track,  so  that  a  continuous  profile  of  all  the  test  sec- 
tions in  a  track  is  made  on  one  sheet  21%  inches  long. 

Longitudinal  profiles  of  the  test  sections  in  both 
series  1  and  2,  taken  on  the  wheel  courses  where  con- 
centrated traffic  was  applied,  are  shown  in  figure  11. 
The  upper  one  of  each  pair  of  profiles  shown  was  taken 
at  the  conclusion  of  the  compaction  period  before  any 
test  traffic  had  been  applied.  The  corresponding  lower 
ones  were  taken  at  the  conclusion  of  the  traffic  test  and 
show  the  depth  of  the  ruts  that  were  formed. 

These  longitudinal  profiles  were  found  to  be  fully  as 
satisfactory  as  the  cross-section  profiles  as  a  means  of 
evaluating  the  comparative  quality  of  the  materials. 
Tests  with  both  instruments  on  this  series  of  materials 
indicated  that  the  average  depth  of  rut  was  about  1.8 
times  the  average  vertical  displacement  as  calculated 
from  the  cross-section  profiles.  While  this  factor  might- 
vary  somewhat  for  different  types  of  materials,  the 
comparative  results  in  a  series  of  tests  on  similar  mate- 
rials are  consistent  and  if  desired  the  value  of  the  factor 
is  easily  obtained  for  other  types. 

Compaction  tests  similar  to  those  used  in  deter- 
mining the  moisture  contents  for  constructing  the  sec- 
tions of  series  2  were  made  on  the  aggregates  of  both 
series.  The  vibratory  compaction  test  was  modified 
to  the  extent  that  about  5  percent  by  weight  of  kero- 
sene was  mixed  with  the  aggregates  before  vibrating 
them,  to  prevent  segregation  of  the  coarse  stone.  It 
was  found  that  this  produced  somewhat  higher  den- 
sities than  were  obtained  by  vibrating  the  dry  aggre- 
gates as  was  done  in  setting  the  moisture  contents. 

A  comparison  of  the  densities  obtained  by  the 
modified  vibration  method  with  those  of  the  track 
sections  at  the  conclusion  of  the  traffic  test  is  shown 
in  table  6. 

Table  6.- — Comparison  of  densities  obtained  by  vibration  and  by 
testing  in  the  circular  track 


Density  (aggregate 
volume  per  unit  of 
total  compacted 
volume) 

Behavior  of  section  under 

Compacted 
by  vibra- 
tion 

Track  sec- 
tion at  end 
of  test 

traffic 

SERIES  1 

Section  1 .  

2 

3 

4 

Percent 
89.7 
88.0 
87.5 
87.1 
87.2 

86.9 
86.7 
89.9 
87.5 
89.9 
87.7 

Percent 
82.8 
87.0 
86.4 
86.2 
84.0 

77.8 
.83.9 
89.1 
87.3 
89.3 
85.1 

Satisfactory. 

Do. 

Do. 
Essentially  satisfactory. 
Failed. 

5 

SERIES  2 

Section  1 

Satisfactory. 
Failed. 

2 

3 

Satisfactory. 
Approached  failure. 
Satisfactory. 
Failed 

4 

5 

6 

SATISFACTORY  PLASTIC  MATERIALS  HAD  GREATEST  COMPACTION 
IN  TEST  TRACK 

The  relations  between  service  behavior  and  relative 
density,  as  shown  in  table  6,  were  consistent  with  those 
noted  for  the  sand-clay  materials  of  the  previous 
investigation. 

The  satisfactory  and  borderline  plastic  sand-clay- 
gravels  (sections  2,  3,  and  4  of  series  1  and  sections  3,4, 

129346—39 2 


Figure  9. — Appearance  of  Section  4  of  Series  2  at  the  End 
of  the  Traffic  Test  (330,000  Wheel-Trips).  The  Deep 
Rut  in  the  Inside  Lane  Indicated  an  Impending  Failure. 


Figure  10. — Longitudinal  Profilometer  Used  for  Record- 
ing Longitudinal  Profiles  of  Circular  Track  Sections. 

and  5  of  series  2)  attained  densities  in  the  track  within 
from  0.2  to  1.1  percent  of  the  densities  of  the  vibrated 
samples.  The  unsatisfactory  materials  (section  5  of 
series  1  and  sections  2  and  6  of  series  2)  all  of  which 
were  plastic,  had  densities  that  were  3.2,  2.8,  and  2.6 
percent,  respectively,  less  in  the  track  than  in  the 
vibrated  samples.  The  two  nonplastic  materials, 
section  1  of  series  1,  and  section  1  of  series  2,  because  of 
their    harshness,    were    the    least    compaetible    under 
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SERIES    I 

SECTION  3 


SECTION  4 


SECTION  5 


Figure  11. — Longitudinal  Profiles  of  Circular  Track  Sections  Showing  Maximum  Displacement  or  Rutting. 


traffic,  their  densities  in  the  track  being  6.9  and  9.1 
percent  less  than  those  of  the  vibrated  samples.  How- 
ever, both  gave  satisfactory  service  because  of  the  same 
inherent  characteristic  that  caused  their  noncompacti- 
bility  under  traffic,  namely  their  harshness. 

The  numerical  differences  in  density  of  the  plastic 
materials  appear  small  and  for  that  reason,  their  im- 
portance might  easily  be  overlooked.  To  realize  their 
importance  where  plastic  materials  are  concerned,  it  is 
only  necessary  to  analyze  the  data  showing  the  densities 
of  sections  2,  3,  and  4  of  series  1  at  58,000  wheel-trips 
when  absorbed  water  had  rendered  them  extremely 
unstable,  the  densities  of  the  same  sections  at  425,000 
wheel-trips  after  further  compaction  had  made  them 
highly  resistant  to  the  action  of  water,  and  their 
maximum  obtainable  densities  as  determined  by  vibra- 
tion (see  table  7). 

Table  7. — Comparison   of  densities   obtained   by  vibration   with 
densities  of  hack  sections  after  various  amounts  of  traffic 


Densities 

Series  1 

In  track  at 
58,000  wheel- 
trips  fun- 
stable) 

In  track  at 
125,000  wheel- 
trips  (stable) 

Samples 
compacted 
by  vibration 

Section  2           .     . 

Perct  nt 

83.2 
M   5 
84.  3 

Percent 
87.0 
86.  4 
86.2 

Perct  nt 

88  0 

3 

87  5 

4 

■     ) 

At  58,000  wheel-trips,  when  the  track  sections  were 
highly  unstable,  the  densities  of  the  three  sections  were 
respectively  only  4.8,  3,  and  2.8  percent  less  than  the 
maximum  densities  obtained  by  vibration.  The  ad- 
ditional compaction  obtained  by  the  application  of 
additional  traffic  in  conjunction  with  the  drying  out  of 
from  1.1  to  2.1  percent  of  moisture  (see  table  3)  in- 
creased their  densities  by,  respectively,  3.8,  1.9,  and 
1.9  percent  or  to  within  1,  1.1,  and  0.9  percent  of  their 
maximum  densities  obtained  by  vibration.  This  small 
increase  in  density  accounted  for  their  alteration  from 
a  condition  in  which  they  were  higldy  susceptible  to 
softening  in  the  presence  of  capillary  water  to  one  in 
which  they  had  a  high  resistance  to  the  action  of  water. 

A  volumetric  analysis  of  the  composition  of  all  of 
the  test  sections  at  the  conclusion  of  the  traffic  tests 
is  shown  in  table  8.  The  highly  capillary  nature  of  the 
plastic  materials,  comprising  all  of  the  test  sections 
except  section  1  of  each  series,  is  strikingly  shown  by 
the  very  low  percentage  of  residual  or  air-filled  voids. 
These  residual  or  air-filled  voids  represent,  in  each 
section,  less  than  2  percent  of  the  total  volume  of  the 
traffic-compacted  plastic  materials.  The  water  con- 
tents show  considerable  variation,  being  relatively  low 
for  the  more  compactible  materials  and  high  for  the 
noncompaetible  ones.  In  other  words,  the  capacity  of 
these  materials  to  absorb  water  seems  to  be  limited 
only  by  the  volume  of  pore  space  available  with  a  small 
allowance  for  nondisplaceable  air.  Thus  again  is 
emphasized  the  importance  of  obtaining  thorough  com- 
paction in  plastic,  highly  capillary  materials. 
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In  contrast  to  the  plastic  sections,  the  nonplastic 
materials  of  section  1  of  series  1,  and  section  1  of  series 
2,  had  higher  percentages  of  residual  or  air-filled  voids 
and  water  contents  no  higher  than  those  of  the  plastic 
materials  indicating  low  capillarity  and  a  susceptibility 
to  gravity  drainage. 

Table  8. — Composition  of  track  sections  at  conclusion  of  traffic 
tests,  series  1  ami    ' 


Water  con- 
tent by 
weight 

Composition  by  volume 

Aggregate 

Water 

Air 

Section  L__ 
2... 

SERIES   1  ' 

Peru  ni 
5.3 
4.9 

5.1 
5.5 
6.6 

6.9 
0.  9 
4.0 
4.9 
4.  1 
6.2 

Perci  id 
82.8 
87.0 
86   1 
86.2 
84.0 

77.8 
83.9 
89  1 
87.3 
89.3 
85.  1 

Per  a  nt 
11.7 
11.4 
11.7 
12.6 
14.8 

14.2 
15.4 

9.4 
11.3 

9.7 
14.0 

Percent 
5.5 

1.6 

3 

1.9 

4 

1  -J 

5... 

SERIES  2  ' 

1   2 
8.  o 

2 

3 

4 

1   5 
1    1 

5..   .                       

6 

1.0 
.9 

'  At  425,000  wheel-trips. 
'  At  330,000  wheel-trips. 

TESTS  SHOWED  IMPORTANCE  OF  CONTROLLING   PLASTICITY  AND 

GRADING 

As  in  the  tests  of  sand-clay  mixtures  the  delineation 
between  good,  serviceable  materials  and  those  of  inferior 
quality  was  distinct.  Again,  the  great  importance  of 
close  control  of  both  plasticity  and  grading  was  demon- 
strated and  it  was  also  shown  that,  where  plastic  mate- 
rials are  concerned,  no  amount  of  control  of  the  quality 
of  the  materials  will  prevent  failure  if  thorough  com- 
paction of  the  materials  is  not  obtained  during  the 
construction  operations. 

Confirmation  was  found  for  the  belief  of  some  author- 
ities that  the  behavior  of  a  graded  aggregate  base-course 
material  is  largely  dependent  on  the  quality  of  the  soil 
mortar  or  material  passing  the  No.  10  sieve.  The 
results  of  these  tests  indicate  this  to  be  true  if  more 
than  about  40  percent  of  the  total  aggregate  passes  the 
No.  10  sieve,  while  if  the  total  aggregate  contains  less 
than  about  40  percent  of  soil  mortar  the  effect  of  the 
quality  of  the  soil  fraction  is  modified  or  obscured  by 
the  coarser  material.  A  discussion  of  the  test  results 
leading  to  this  conclusion  follows. 

Figure  12  which  was  prepared  from  the  data  in  table  1 
shows  the  grading  curves  for  the  11  sand-clay-gravel 
materials  used  in  these  tests.  The  shaded  areas  which 
are  identical  for  both  series  were  drawn  to  include  the 
grading  curves  of  all  of  the  wholly  satisfactory  ma- 
terials. They  are  limited  on  the  left  or  fine  side,  as 
nearly  as  possible  without  introducing  misleading 
undulations,  by  curves  for  the  two  borderline  materials, 
section  4  of  series  1  and  section  4  of  series  2.  Their 
limit  on  the  right  or  coarse  side  is  established  by  curves 
for  the  materials  of  sections  1  and  3  of  series  2,  since 
theirs  were  the  coarsest  gradings  used. 

Figure  13  shows  the  gradings  of  the  mortars  or 
fractions  passing  the  No.  10  sieve  of  the  11  sand-clay- 
gravel  materials.  The  two  identical  shaded  zones. 
reproduced  from  figure  13  of  the  report  on  sand-clay 
materials,  include  the  gradings  of  all  the  wholly  satis- 
factory sand-clay  materials  tested  in  the  previous 
investigation  and  are  limited  on  the  left  by  curves  for 
the  borderline  sand-clays  and  on  the  right  by  curves  for 
the  coarsest  materials  used  in  that  investigation. 


As  shown  in  figure  13,  the  grading  curves  of  the 
mortars  of  all  but  one  of  the  sand-clay-gravel  materials 
fall  either  partially  or  almost  entirely  outside  the 
shaded  area  on  the  left  or  fine  side.  The  amount  of 
this  divergence  has  no  significance  in  the  case  of  the 
nonplastic  material  of  section  1  of  series  1,  and  may  not 
be  sufficient  for  sections  2,  3,  and  4  to  impair  seriously 
their  quality  as  sand-clay  materials  for  base  courses. 
The  divergence  is  extensive  for  section  5  of  series  1,  and 
sections  2,  3,  4,  5,  and  6  of  series  2,  which  leads  to  the 
conclusion  that  the  mortars  of  these  sections  would  be 
unsatisfactory  for  use  as  base-course  materials  by  them- 
selves. The  mortar  of  section  4  of  series  2  was  the 
extreme  example  in  this  respect  and  yet  because  this 
inferior  mortar  comprised  only  41.9  percent  of  the  total 
base-course  material  as  tested,  the  section  withstood 
traffic  well  enough  to  be  classed  in  the  borderline  group. 

The  mortars  of  the  unsatisfactory  sections  2  and  G  of 
series  2  were  virtually  identical  in  grading  with  those  of 
the  satisfactory  sections  3  and  5  of  series  2.  The 
plasticity  indexes  of  sections  2  and  6,  which  were 
respectively  9  and  7,  did  not  differ  sufficiently  from 
those  of  sections  3  and  5,  which  were  respectively  8 
and  6,  to  account  even  in  part  for  their  difference  in 
behavior.  The  only  significant  difference  was  in  the 
percentage  of  the  total  aggregate  passing  the  No.  10 
sieve.  For  the  unsatisfactory  sections  2  and  6,  these 
percentages  were  65  and  66.1  as  compared  to  31.9  and 
38  for  the  satisfactory  sections  3  and  5. 

FINDINGS  USED  IN  DRAFTING  SPECIFICATIONS  FOR  SOIL  AND 
GRAVEL  BASE  COURSES 

Section  5,  series  1,  in  which  a  sand-clay  material 
known  to  be  unsatisfactory  for  use  as  a  base  course  by 
itself  comprised  47  percent  of  the  sand-clay-gravel 
mixture,  failed  quite  early  in  the  traffic  test. 

Thus  with  definite  failures  recorded  when  poorly 
graded  or  highly  plastic  soil  appreciably  exceeded  40 
percent  of  the  aggregate  and  borderline  behavior  when 
41.9  percent  of  an  unsatisfactorily  graded  soil  mortar 
was  used,  while  satisfactory  service  was  recorded  for 
sand-clay-gravel  mixtures  containing  31.9  and  38  per- 
cent of  poorly  graded  soil  mortar,  the  critical  percentage 
seems  to  be  quite  well  established  as  being  in  the 
neighborhood  of  40  with  the  rounded-gravel  coarse 
aggregate  used  in  these  tests. 

For  convenience  in  studying  these  relationships,  the 
percentages  passing  the  No.  10  sieve  and  the  plasticity 
indexes  of  all  the  sand-clay-gravel  materials  as  shown 
in  table  1  are  repeated  in  table  9. 

Table   9. — Quantity  and  character  of  mortar  fractions   of  track 
sections,  and  behavior  under  traffic 


Fraction  of 
total  aggre- 
gate pass- 
ing No.  10 
sieve 

Plasticity 
index  of 
fraction 

passine  No. 
40  sieve 

Behavior  of  section  under 
traffic 

SERIES  1 

Percent 
53.5 
47.9 
47.9 
50.3 
47.0 

42.3 
65.0 
31  'i 
41.9 
38.  C 
66.1 

0 
5 
'.) 
11 
16 

0 

'.I 
8 

6 

Satisfactory. 

2 

Do. 

3                                 

Do. 

4                               

Essentially  satisfactorj 

5   . 

Failed. 

SERIES  2 

Satisfactory. 

9 

Failed. 

3 

Satisfactory. 

4 -   - 

5                               

Approached  failure. 
Satisfactory. 

6 

Failed. 
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Figure  12. — Gradings  of  Materials  in  Series  1  and  2.     Shaded  Area  Indicates  Zone  Within   Which  All  the  Wholly 

Satisfactory  Materials  Are  Included. 
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Figure  13.— Gradings  of  the  Mortars  of  the  Sand-Clay-Gravel  Materials  Tested.  The  Shaded  Areas,  Reproduced 
from  Figure  13  of  the  Previous  Report  on  Sand-Clay  Materials,  Show  the  Grading  Range  of  the  Satisfactory 
Sand-Clay  Base-Course  Materials. 


None  of  the  nonplastic  materials,  either  in  the  tests 
of  sand-clays  or  of  the  sand -clay -gravels,  showed  any 
indication  of  lack  of  stability  and  it  is  obvious  that 
mixtures  of  nonplastic,  satisfactorily  graded  sand-clay 


materials  with  coarser  aggregate  could  be  expected  to 
make  satisfactory  base  courses  for  bituminous  surfaces 
regardless  of  whether  40  percent  or  even  as  much  as  100 

(Continued  on  page  16) 


SIMPLIFIED  COMPUTATION  OF  HYDROM- 
ETER TEST  DATA  FOR  SOIL 

BY  THE  DIVISION  OF  TESTS,  BUREAU  OF  PUBLIC  ROADS 


Reported  by  EDWARD  S.  BARBER,  Junior  Highway  Engineer 


USE  is  made  of  a  hydrometer  in  standard  methods 
of  test 1 2  to  determine  the  size  distribution  of 
soil  »rains  smaller  than  0.05  millimeter  in  diameter. 
Direct  computation  of  the  size  distribution  by  means 
of  the  formulas  involved  in  interpreting  the  test  data 
is  lather  laborious.  To  simplify  this  work  a  graphical 
method  of  computation  was  devised  by  the  Bureau  of 
Public  Roads.3  The  present  report  describes  a  slide 
rule  with  special  indicator  and  scales  that  is  particularly 
useful  in  obtaining  the  size  distribution  when  the  data 
are  reported  as  an  accumulation  curve.  Each  method 
has  certain  advantages  and  the  choice  of  a  particular 
one  depends  upon  individual  preference  and  the  testing 
equipment  used. 

In  the  hydrometer  method  of  mechanical  analysis, 
Stokes'  law  for  the  velocity  at  which  a  small  solid 
sphere  falls  through  a  liquid  is  used  to  determine  equiva- 
lent grain  size,  which  is  the  diameter  of  a  sphere  tha  t  would 
fall  at  the  same  velocity  as  the  soil  particle.  Stoke-' 
formula  with  reference  to  soil  tests  may  be  written 


<'=Vi> 


30/iZ 


(1) 


980(6-6^" 
in  which 

(/     equivalent  grain  size  in  millimeters. 
?i=viscosity  of  water,  in  poises,  for  any  tempera- 
ture T. 
Z=distance,  in  centimeters,  through  which  the  soil 

particles  fall  during  a  time,  t,  in  minutes. 
(7=specific  gravity  of  the  soil. 
rj^speciiie  gravity  of  water. 

The  numerical  values  presented  in  this  paper  are  for 
a  particular  Bouyoucos  hydrometer  calibrated  to  read 
grams  of  soil  per  liter  of  suspension  (in  water)  at  07°  F. 
with  a.  soil  whose  specific  gravity  is  2. !'>.">.  However,  the 
method  of  computation  is  applicable  to  any  hydrometer 
ol  either  the  Bouyoucos  or  specific  gravity  type. 

Table  1  gives  the  equivalent  grain  size  in  millimeters 
under  standard  conditions  of  temperature  and  specific 
gravity  for  various  combinations  of  hydrometer  reading 
and  time.  The  viscosity  of  water  is  taken  as  0.0102 
poise  at  07°  F.  and  its  specific  gravity  is  taken  as  1. 
Following  the  practice  of  the  Bureau  of  Public  Roads,4 
L  in  formula  (1)  is  taken  as  0.42  times  the  distance 
from  the  surface  of  the  suspension  to  the  bottom  of  the 
hydrometer. 

Table  2  gives  the  factors  by  which  the  grain  sizes 
of  table  1  are.  multiplied  to  correct  for  variations  in 
temperature,   and   specific   gravity.     The    temperature 


correction    factor    for    (7=2.65    is 


V  0.0102    an 


d    the 


specific    gravity    correction    factor    for    T=67°    F.    is 

'  Tentative  Method  of  Mechanical  Analysis  of  Soils.  Proceedings  of  the  American 
Society  for  Testing  Materials,  vol.  35,  pt.  I,  19.35,  p.  y.r)3. 

2  Standard  Method  of  Mechanical  Analysis  of  Soils.  Method  T-88-3S  Standard 
Specifications  for  Highway  Materials  and  Methods  of  Sampling  and  Testing,  1938 
p.  291.     Published  by  the  American  Association  of  State  Highway  Officials 

■■  Graphical  Solution  of  the  Data  Furnished  bv  the  nvdrometer  Method  of  Anal- 
ysis, by  E.  A.  Willis,  F.  A.  P.obeson,  and  C.  M.  Johnston.  Public  Rows,  vol  12 
No.  8,  October  1931. 


V 


2.65-1 
6-1 


The  combined  correction  factor  for  both 


temperature  and  specific  gravity  is  obtained  by  mul- 
tiplying the  temperature  correction  factor  by  the 
specific  gravity  correction   factor. 

For  example,  if  t  is  2  minutes  and  the.  hydrometer 
reading,  //,  is  34,  table  1  gives  a  grain  size  of  0.0266 
millimeters.  Then  for  7=70°  F.  and  (9=2.6,  table  2 
gives  a  combined  correction  factor  of  0.995.  The 
product  0.02(16  times  0.995  gives  0.0265  millimeters 
as  the  corrected  value  of  the  equivalent  grain  size. 

Table   1. — Equivalent  grain  sizes  in   millimeters  under  standard 
conditions  '  computed  from  Stokes'  formula 


Bouyoucos 
hydrometer 
reading,  II 


0._. 
2... 
4... 
6... 

5 
in.. 

12.. 

il.. 
16.. 

IV 

20.. 

22.. 

24.. 

26.. 

28 

30.. 

32.. 

34.. 
30. . 
38. 
40.. 

42.. 
44.. 

4t;_. 

48- 
50.. 


Equivalent  grain  size  for  periods  of  sedimentation  of— 


1  inin- 
ute 


Afro. 

0.  0435 
.  0432 
.  0428 
.0425 
.0422 
.0418 

.0415 
.mil 
.0408 
0404 

.1)400 

.  0397 
0394 
.  0391 
.0387 
.  0383 

0380 

.0377 
.0373 
,0369 

.  0300 

.  0362 
.  0359 
.  0355 
.0351 
.0347 


2  min- 
utes 


Mm. 

0.0307 
,0305 
.  0303 
.0300 
.0298 
.0296 

.0293 
.0291 

.  1 1288 
.0285 

.  0283 

.0281 
.0279 

.  0270 
.0274 
.1)271 

.  0209 
.0200 
.  0204 
,0261 
.0259 

.  0256 
.0254 
,0251 

.0248 
0245 


5  min- 
utes 


Mm. 
0.0194 

.0103 
.01(12 
.1)1011 
.ills'.) 
.01S7 

,0186 
.0184 

.Ills'.' 
.0180 

.017(1 

,0178 
0176 

.017:. 
.11173 
.0172 

.0170 
.0168 
.0167 
.0105 
.0164 

.0102 
.0160 
.0150 
.0157 
0155 


15  min- 
utes 


Mm . 

0.0112 

.0111 

.1)111 

.0110 
.010(1 
.0108 

.1)107 
.1)11)0 
.iilo;, 
.(Hill 
.0103 

.0102 

.1)102 
.01111 
.1111)0 
.11(1(10 

,0098 

.111107 
.111100 
.  0005 
.011(11 

.  0004 
.01 103 
.111.102 
.11001 
I II II 10 


30  min- 
utes 


Mm . 
0.  0079 
.0079 

.  007S 
.  0078 
.0077 
.  0070 

.  0070 
.  0075 
.0074 

.IIU7  1 

.nil::; 

.01172 
.111172 
.0071 
.11071 
.  0070 

.11000 

.0069 
.0068 

.0007 
.0067 

.0066 

.111100 
.01105 
.0(101 
.0003 


00  min- 
utes 


Mm. 

I).  0050 

.0050 
.  0055 
.  0055 
.0054 
.  0054 

,0054 

.0053 
.  0053 
.0052 
.0052 

.0051 
.  0051 
.0050 
.  11050 
.0050 

.0049 

.  0049 
.  0048 
.0048 

.0047 

.  0047 
.OHIO 
.  0040 
.0045 
.  0045 


050 
min- 
utes 


Mm. 
0.  00275 
. 00273 
.00271 
. 00209 
.  00267 
. 00205 

.00262 
,00260 

.  00258 
.1)0255 
. 00253 

.  00251 
.00249 

. 00247 
.00245 
. 00243 

. 00240 
.  00238 
.ill  1230 
.00234 
.  00231 

.00220 
. 00227 
. 00224 
. 00222 
.00220 


1,440 
min- 
utes 


Mm . 
0.00115 
.00114 
.00113 
.00112 
.00111 
.00110 

. 00109 
. 0010S 
.00107 
. 00100 
.  00105 

.00105 
. 00104 
. 00103 
.00102 
.00101 

. ooioo 

. 00099 

.001 KIS 

.  00097 
.  00096 

.  00095 
.  00094 
.000!):', 
. 0O092 
.00091 


i  This  table  is  for  a  particular  hydrometer  calibrated  to  read  grams  of  soil  per  liter  of 
suspension  at  07°  F.  with  a  soil  whose  specific  gravity  is  2.05.  The  calibration  for 
distance  of  fall  is  given  in  table  1. 

Table  2. —  Combined    correction    factors  '    for    temperature    and 
specific  gravity  applied  ta  Stokes'  formula 


Temperature, 

Correction  factor  for  soils  having  specific  gra^  ities  of— 

degrees  (F.) 

o  2 

2.3 

2.4 

2.5 

2.0 

2.05 

2.7 

2.8 

2.9 

60 

65 

1   228 

1.  190 
1.172 
1.149 
1.  113 
1.077 
1.044 
1.015 

1.  182 
1.144 
1.127 
1.104 
1.  008 
1.035 
1.004 
.  970 

1.  138 
1.  102 
1.086 

1.004 
1.02(1 

.  (ids 
.  oos 
.940 

i.  Kio 

1.064 

1.04S 
1.027 

.  005 
.  003 
.  034 
.(Ills 

1.01,5 
1.031 
1.016 
.  0(15 
.  965 
934 
.  005 
.880 

1.048 
1.015 
1.000 
.  (ISO 
.  049 
.010 
.S01 
.  SCO 

1.  033 
1.000 

.  (IS5 
.  905 
.  035 
.905 
.878 
.853 

1.004 
.  972 
.  958 
.939 
.909 
.880 
.853 
.829 

0.977 
.  940 

67 

.  932 

70 

.913 

75 

80 

.885 
.857 

85 

90 

.830 
.807 

1  A  grain  size  under  standard  conditions  as  given  in  table  1  is  multiplied  by  a  cor- 
rection factor  from  this  table  to  correct  for  values  of  temperature  and  specific  gravity 
other  than  67°  F.  and  2.65,  respectively. 


1  Procedures  for  Testing  Soils  for  the  Determination  of  the  Subgrade  Soil  Con- 
stants, by  A.  M.  Wintermyer,  E.  A.  Willis,  and  H.  C.  Thoreen.  Public  Roads, 
vol.  12,  No.  8,  October  1931. 
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SCALE  FOR  SPECIFIC  GRAVITY  FACTOR 
FOR  PERCENTAGE  OF  SOIL  IN  SUSPENSION 
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SCALE  FOR  SPECIFIC  GRAVITY  FACTOR  IN  STOKES' FORMULA 

SLIDE  RULE  PROPER 
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Figure   1.-  Slide  Rule  and  Indicator  With  Supplementary  Scales. 


SLIDE  RULE  USED  TO  COMPUTE  PARTICLE  SIZES 

Values  shown  in  tables  1  and  2  may  be  indicated 
graphically  on  a  slide  rule.  The  desirability  of  doing 
this  will  depend  upon  the  operator's  preference  and  the 
test  method  used.  For  example,  if  all  tests  are  made 
at  the  same  temperature  and  an  average  specific 
gravity  is  assumed,  a  tabulation  such  as  table  1  gives 
the  grain  sizes  directly.  For  the  more  general  case, 
where  both  temperature  and  specific  gravity  are  differ- 
ent for  each  test,  the  following  method  can  be  used  for 
adapting  a  slide  rule  so  as  to  facilitate  computation  of 
grain  sizes  by  Stokes'  formula  without  the  use  of  tables 
or  charts. 

Stokes'  formula  may  be  written 


»     30X0.0102., 


2XG-ixLxr 


980X1.65  /N0.010 
with  the  specific  gravity  of  water  taken  as  1 

Table  3  gives  values  of 


-(2) 


for 


various  tempera- 


0.0102 

tures.  As  shown  in  figure  1,  marks  for  these  tem- 
peratures are  scribed  as  the  T  scale  on  the  indicator  so 
as  to  abut  the  lower  edge  of  the  face  of  the  rule  with 
the  indicator  in  place  (see  fig.  2).    The  positions  of  the 

Table  3.- — Temperature  factors  in  Stokes'  formula 


Temperature 

Temperature 

factor 

T 

n 

0.0102 

Degrees  F. 

00 

1.10 

C5 

1.03 

67 

1.000 

70 

.959 

75 

.899 

80 

.844 

85 

.794 

90 

.749 

marks  for  the  temperature  values  correspond  to  the 


positions  of  the  values  of 


0.0102 


on  the  A  (or  B)  scale 


with  the  direction  reversed.  To  mark  the  T  scale  on 
the  underside  of  the  indicator,  it  is  turned  over  in  the 
direction  of  the  length  of  the  rule  and  the  lower  edge 
of  the  indicator  is  placed  over  the  A  scale  so  as  to  cover 
the  interval  from  0.749  to  1.10  on  that  scale,  the  range 
of  values  of  table  3.  The  mark  for  T=60°  F.  is  then 
scribed  on  the  indicator  at  1.10  on  the  A  scale,  the  mark 
for  65  at  1 .03,  the  mark  for  67  at  1 .00,  etc.,  CM 

Similarly,  the  hydrometer  readings  given  in  table  4 
are  scribed  on  the  indicator,  giving  the  H  scale  (see 
tig.  1).  The  positions  of  the  marks  on  the  H  scale 
correspond  to  the  positions  of  the  values  of  L  on  the 
A  (or  B)  scale,  but  this  time  with  the  indicator  in  its 
normal  position.  Thus,  when  the  mark  for  zero  hydrom- 
eter readings  is  opposite  1  (or  10)  on  the  A  scale,  the 
mark  for  50  grams  per  liter  on  the  IT  scale  will  be 
opposite  the  corresponding  height  of  fall  which  is  6.37. 

Table  4. — Distances  of  fall  in  Stokes'  formula 


Hydrometer 

Distance  of 

reading,  H 

fall,'  L 

Grams  per 

liter 

Centimeters 

0 

10.00 

10 

9.25 

20 

8.47 

30 

7.78 

40 

7.07 

50 

0.37 

i  These  values,  for  a  particular  Bouyoucos  hydrometer,  are  taken  as  0.42  times  the- 
distance  from  each  hydrometer  reading  or  the  surface  of  the  suspension  to  the  bottom 
of  the  hydrometer. 

The  values  of  the  specific  gravity  factors,  as  given  in 
table  5,  are  scribed  below  the  D  scale  of  the  slide  rule 
proper  (see  upper  diagram  of  fig.  1).     The  position  of 
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Figuke  2. — Slide  Rule  Set  for  Stokes'  Formula. 


this  scale  in  relation  to  the  A  scale  is  important.  The 
value  of  the  right-hand  side  of  equation  (2)  is  0.001892 
for*=l  minute,  #=2.65,  w=0.0102  poise  (7=67°  F.), 
and  L=10  centimeters  (H=0).  To  determine  the 
position  of  the  mark  for  #=2.65,  the  indicator  is  placed 
so  that  the  mark  for  H=0,  is  directly  opposite  1892  on 
the  A  scale.  The  mark  for  2.65  on  the  specific  gravity 
scale  (fig.  1)  is  scribed  directly  opposite  the  mark  for 
2  =  67°  F.  This  corresponds  to  a  specific  gravity 
factor  of  1.00.  The  remainder  of  the  scale  (2.0  to  3.0) 
is  scribed  relative  to  the  mark  for  2.65  using  the  A  scale 
in  its  normal  direction  as  the  measure  of  length. 

The  time,  t,  is  given  directly  on  the  B  scale  although 
it  may  be  convenient  to  draw  lines  across  the  longi- 
tudinal center  line  of  the  slide  (as  shown  in  fig.  1  at  1 
and  5  of  upper  diagram)  corresponding  to  the  usual 
time  schedule  for  reading  the  hydrometer. 

The  solution  of  the  same  example  as  given  in  the 
description  of  the  use  of  tables  1  and  2  is  illustrated  in 
figure  2.  The  indicator  is  moved  to  bring  70°  F.  on 
the  T  scale  opposite  2.6  on  the  G  scale.  With  the  posi- 
tion of  the  indicator  thus  fixed,  the  slide  is  moved  to 
bring  2  minutes  on  the  B  (or  t)  scale  opposite  34  on  the 
H  scale.  The  grain  size  in  millimeters  is  then  read 
as  0.0265  on  the  D  scale  opposite  1  (or  10)  on  the  C 
scale  as  shown  in  figure  2. 

Table  5. — Specific  gravity  factors  in  Stokes'  formula 


Specific  grav- 

Specific gravity 
1  65 

ity  a 

factor  -^ — - 

O—l 

2.0 

1.650 

2.1 

1.500 

2.2 

1.375 

2.3 

i  :%s 

2.4 

1.178 

2.5 

1.099 

2.6 

1.031 

2.65 

1.000 

2.7 

.971 

2.8 

.917 

2.9 

.869 

3.0 

.825 

COEFFICIENT  OF  PERMEABILITY  COMPUTED  USING  SLIDE  RULE 

If  the  temperature  is  kept  practically  constant  during 
a  single  test,  one  setting  of  the  indicator  will  do  for  all 
of  the  time  readings  so  that  only  one  movement  of  the 
slide  is  required  to  detennine  each  grain  size,  the 
indicator  remaining  fixed  in  position. 

The  slide  rule  may  also  be  used  conveniently  for  the 
reverse  procedure  of  determining  the  time  interval 
corresponding  to  a  specific  gram  size  for  any  tempera- 
ture and  specific  gravity. 

A   slide  rule  method   very  similar  to  the  one  just 


described  is  now  being  used  in  computing  the  coefficient 
of  permeability  from  test  data  in  which  the  principle 
of  the  falling-head  permeameter  is  used. 

The  formula  used  for  determining  the  percentage  of 
initially  dispersed  soil  remaining  in  suspension  4  when 
the  hydrometer  method  of  mechanical  analysis  is  used 
may  be  conveniently  computed  on  a  slide  rule.  This 
formula  is 

(H+AH)fs 


r 


W0 


■  xioo. 


.(3) 


in  which 

P= percent  age  of  initially  dispersed  soil  remain- 
ing in  suspension  at  the  time  a  hydrometer 
reading  is  taken. 
W0= weight  in  grams  of  soil  per  liter  of  suspension 

initially  dispersed. 
H=  hydrometer  reading,  grams  of  soil  per  liter 
of  suspension. 
AH—  temperature  correction  for  density  of  water 
(see  values  of  table  6). 
/=  correction  factor  for  G,  the  specific  gravity 
of  the  soil  (see  table  7). 
that  is 


./' 


2.65  —  1 
2. 6  5 


X 


0 


G-l 


Table  G. — Temperature  corrections  in  formula  for  percentage  of 
soil  in  suspension 


Tempera- 

Temperature 

ture  T 

correction,!  AH 

Denrea  F, 

Grams  per  liter 

00 

-0.8 

01 

-.7 

62 

-.6 

03 

-.5 

'■1 

-.4 

65 

-.3 

66 

-.1 

'7 

.  0 

08 

.1 

69 

2 

70 

.4 

71 

.5 

72 

.7 

73 

.8 

74 

1.0 

75 

1.2 

76 

1.4 

77 

1.6 

78 

1.8 

79 

2.0 

SO 

2.2 

81 

2.4 

82 

2.6 

■ 

2.8 

84 

3.0 

85 

3.2 

90 

4.3 

1  Experimental  values. 


4  Procedures  for  Testing  Soils  for  the  Determination  of  the  Subgrade  Soil  Con- 
stants, by  A.  M.  Wintermyer,  E.  A.  Willis,  and  R.  C.  Thoreen.  Public  Roads, 
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Figtjrb  3.     Slide  Rule  Set  for  Percentage  of  Soil  in  Suspension. 


Table  7. —  Specific  gravity  correction  factors  in   I'm  inula  for  per- 
ci  niage  of  soil  in  suspension 


Specific 

gravity 

correction 

Specific 

factor 

gravity 

,    2.65-1 

G 

f=  2.65 

X^ 

G—\ 

2.0 

1.242 

2.  1 

1,  is? 

2.2 

1.141 

2. 3 

1.  101 

2.4 

1.067 

2.5 

1.038 

2.6 

1.012 

2.  65 

1.000 

2.7 

.  989 

2.8 

.  969 

2.9 

.  951 

3.0 

.934 

Values  of  /  are  given  in  table  7.  Marks  for  values  of 
G  are  scribed  above  and  opposite  corresponding  values 
of/ on  the  A  scale  to  make  the  Gp  scale  shown  in  figure  1. 
Thus,  the  mark  for  £=3,0  on  the  Op  scale  is  opposite  a 
value  of/  of  0.934  on  the  A  scale,  £=2.0  is  opposite 
1.242  on  the  A  scale,  He  The  temperature  correction 
is  to  be  applied  by  mental  arithmetic  and  to  aid  in  this 
a  table  of  values  such  as  table  6  is  fixed  on  the  back  of 
the  slide  rule  or  in  any  other  convenient  place.  This 
completes  the  equipment. 


To  illustrate  the  method  of  computation,  assume  the 
specific  gravity  of  the  soil  =  2.75,  the  temperature= 
75°  F.,  W?=48  grams,  and  #=26.8,  24.3,  23.0,  etc. 
As  shown  in  figure  3,  the  indicator  is  moved  to  bring 
its  index  line  to  2.75  on  the  Gp  scale.  The  slide  is 
moved  to  bring  48  on  the  B  scale  under  the  index  line. 
The  position  of  the  slide  remains  thus  set  for  the  series 
of  hydrometer  readings.  Referring  to  table  6  for  values 
of  f  and  AH,  it  is  found  that  for  2=75°  F.,  A#=1.2. 
Opposite  H+&H  =26.8  +  1. 2  =  28.0  on  the  B  scale, 
P  =  57.1  percent  is  read  on  the  A  scale  as  shown  in 
figure  3.  Similarly,  opposite  24.3  +  1.2  =  25.5  on  the 
B  scale,  52.0  percent  is  read  on  the  A  scale  as  the  value 
of  P;  opposite  24.2,  P=49.3  percent,  etc. 

The  slide  rule  method  of  computing  the  percentage  of 
soil  in  suspension  is  further  simplified  when  used  in 
conjunction  with  the  calculating  board3  devised  by  the 
Bureau  for  computing,  correcting,  and  interpolating 
values  for  specific  grain  sizes.  In  this  case,  the  tem- 
perature correction  in  grams  per  liter  is  taken  care  of 
by  moving  vertically  the  transparent  paper  on  which 
the  uncorrected  hydrometer  readings  in  grams  per  liter 
are  plotted  on  a  vertical  scale.  In  this  way,  both  the 
temperature  correction  table  and  mental  arithmetic  are 
eliminated. 


3  Graphical  Solution  of  the  Data  Furnished  bv  the  Hydrometer  Method  of  Analyst, 
by  E.  A.  Willis,  F.  A.  Robeson,  and  C.  M.  Johnston.  Public  Roads,  vol.  12,  No.  8, 
October  1931. 


( ( 'ontin  'nil  from  page  1 .') 

percent  of  the  total  aggregate  passed  the  No.  10  sieve. 
The  same  should  be  true  of  plastic  sand-clays  that  would 
be  satisfactory  as  base-course  materials  without  coarse 
aggregate. 

The  nonplastic  materials  raveled  somewhat  before 
the  bituminous  surface  was  applied  and  thorough  com- 
paction was  difficult  to  obtain  unless  the  material  was 
kept  very  wet  either  by  frequent  sprinkling  or  by 
maintaining  the  ground  water  at  a  high  elevation. 

In  general  the  materials  having  a  plasticity  index  of 
5  (section  2  of  series  I  of  the  sand-clays  and  section  2  of 
series  1  of  the  sand-clay-gravels)  were  superior  to  either 
the  nonplastic  materials  or  the  more  plastic  ones,  both 
as  to  ease  of  compaction  and  resistance  to  displacement 
in  the  traffic  tests. 

The  results  of  some  of  the  early  tests  in  this  investiga- 
tion were  made  available  to  the  Committee  on  Mate- 
rials of  the  American  Association  of  State  Highway 
Officials  at  the  time  it  was  considering  requirements  for 
soil  and  gravel  base  courses  and  were,  utilized  in  connec- 


tion with   the  drafting  of  the  specifications  given  in 
table  10. 


Table   10. — Specifications  for  soil 

and  gravel  base  courses 

Type  B  base  courses 

H   1,  1  inch  maxi- 
mum size 

B-2. 2  inch  maxi- 
mum size 

Mini- 
mum 

Maxi- 
mum 

Mini- 
mum 

Maxi- 
mum 

Percentage  passing: 

100 

70 
55 
50 
40 
30 
20 
10 
5 

100 

100 
100 
80 
65 
50 
30 
15 

50 
25 

6 

85 

:o 
50 
35 
25 
15 
5 

80 

70 

60 

50 

30 

15 

Percentage  of  material  finer  than  No.  40  sieve 

50 

25 

Plasticity  index  (material  finer  than  No.  40sievei . 

6 
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Final  analysis  of  the  test  data  after  completion  of  the 
entire  test  program  indicated  that  the  limits  established 
are  well  drawn  to  insure  that  highly  satisfactory  base- 
course  materials  will  be  obtained.  It  was  realized  at 
the  time  the  specifications  were  written  that  some  fully 
satisfactory  materials  would  be  excluded. 

Complete  analysis  of  the  test  data  indicates  that  if 
the  amount  of  soil  mortar  in  a  well-graded  sand-clay- 
gravel  is  low,  the  quality  of  the  material  depends  largely 
on  the  grading  of  the  coarse  fraction  and  that  the 
grading  and  plasticity  of  the  soil  mortar  is  of  relatively 
less  vital  importance.  Thus,  for  example,  if  a  material 
fails  to  meet  specification  B-l  because  less  than  25 
percent  passes  the  No.  10  sieve,  it  is  doubtful  whether 
it  should  be  classified  as  a  sand-clay-gravel  at  all  even 
though  the  plasticity  index  of  the  small  amount  of  soil 
present  might  be  quite  high.  It  is  believed  that 
numerous  materials  of  this  type  are  likely  to  be  en- 
countered and  that,  provided  they  are  well  graded  from 
the  No.  10  sieve  to  the  maximum  size  and  that  the 
aggregate  particles  are  somewhat  angular,  they  can  be 
used  successfully  without  applying  such  rigorous  re- 
quirements to  the  character  of  the  soil  fraction  as  are 
set  for  the  sand-clay-gravels.  A  special  specification 
may  be  desirable  to  cover  such  materials. 

Compaction  and  surface  interlocking  of  such  materials 
would  be  slow  and  somewhat  difficult  to  obtain  and  the 
temptation  would  be  great  to  add  clay  or  other  soil 
binder  to  hasten  surface  bonding.  However,  once  com- 
pacted to  a  degree  producing  interlocking  of  the  aggre- 
gate, and  bonded  at  the  top  with  a  mixed  or  drag  type 
of  prime  treatment,  rolled  to  set  the  surface,  they  could 
be  expected  to  provide  a  more  satisfactory  base  struc- 
ture than  would  be  obtained  by  the  addition  of  plastic 
soil  binder  in  an  attempt  to  bring  these  granular  mate- 
rials into  conformity  with  the  specifications  for  sand- 
clay-gravel  base-course  materials. 

CONCLUSIONS 

1.  Control  of  grading  is  essential  to  insure  satisfac- 
tory stability. 

2.  Control  of  plasticity  index  is  essential,  particularly 
when  the  aggregate  contains  as  much  as  40  percent  of 
soil  mortar. 

3.  As  the  amount  of  soil  mortar  decreases  below  40 
percent,  the  importance  of  the  grading  of  the  coarse 
material  becomes  relatively  more  important  and  the 
grading  and  plasticity  index  of  the  soil  mortar  becomes 
of  relatively  less  vital  importance. 

4.  Although  there  may  be  many  instances  where 
carefully  mixed  and  placed  aggregates  having  rela- 
tively low  mortar  contents  would  give  satisfactory 
service  even  though  the  plasticity  index  of  the  soil 
mortar  might  be  in  excess  of  6,  the  possibility  of 
segregation  and  collection  of  the  fine  aggregate  into 
rich  spots  or  layers  must  not  be  overlooked  and  makes 
the  limit  of  6  for  the  plasticity  index  a  desirable  if  not 
vitally  necessary  requirement. 

5.  A  well-graded  sand-clay-gravel  material  having  a 
plasticity  index  of  about  5  is  to  be  preferred  to  absolutely 
nonplastic  materials  of  comparable  grading  and  is 
decidedly  superior  to  those  having  appreciably  higher 
plasticity  indexes. 

6.  Thorough  compaction  of  even  the  best  plastic 
base-course  materials  to  essentially  the  maximum  den- 
sity obtainable  in  the  laboratory  by  the  vibratory 
method  of  compaction  is  absolutely  essential  to  prevent 


softening  and  loss  of  stability  where  water  may  reach 
the  material  after  construction. 

7.  Thorough  compaction  of  the  plastic  materials  was 
obtained  in  the  circular  track  tests  by  starting  compac- 
tion operations  with  an  excels  of  moisture  of  about  1.5 
to  2  percent  over  the  optimum  as  determined  by  the 
Proctor  test  on  the  portion  of  the  aggregate  passing  the 
No.  10  sieve  or,  for  the  total  sand-clay-gravel  aggregate, 
sufficient  moisture  to  fill  the  aggregate  voids  when  com- 
pacted to  the  maximum  obtainable  density  by  vibra- 
tion. 

8.  It  is  most  important  that  compaction  operations 
be  continued  during  the  drying  out  of  the  above-men- 
tioned excess  water  since  the  combined  action  of  com- 
paction and  drying  is  necessary  to  produce  the  required 
densities. 

9.  Some  additional  moisture  may  he  required  in 
handling  plastic  materials  to  provide  for  drying  losses 
during  mixing  and  leveling  operations,  but  care  should 
be  taken  not  to  surpass  actual  needs  since  any  great 
excess  of  moisture  will  delay  final  compaction. 

10.  In  connection  with  nonplastic  materials,  the 
term  "optimum  moisture  content"  has  little  or  no 
significance.  It  is  therefore  not  necessary  to  limit  the 
amount  of  water  used  in  mixing  and  compacting  such 
materials  since  water  drains  out  rapidly,  making  it 
difficult  to  maintain  them  in  a  wet  enough  condition 
to  aid  materially  in  obtaining  compaction.  The  only 
precaution  necessary  is  that  softening  of  the  subgrade 
shall  not  be  caused  by  the  excessive  use  of  water. 

11.  Compaction  should  be  as  complete  at  the  bottom 
of  the  base  course  as  at  the  top,  particularly  with 
plastic  materials,  since  even  minor  deficiencies  in  the 
compaction  of  plastic  materials  make  them  susceptible 
to  softening  and  loss  of  stability  when  wet. 

12.  The  tests  on  the  materials  of  series  1,  which  con- 
tained from  47  to  53.5  percent  of  soil  mortar,  indicated 
that  freezing  and  thawing  would  be  likely  to  cause 
failure  of  the  borderline  material  of  section  4,  the 
plasticity  index  of  which  was  11,  and  that  serious 
damage  might  be  done  to  section  3,  with  a  plasticity 
index  of  9,  since  the  one  cycle  of  freezing  and  thawing 
caused  a  marked  increase  in  the  rate  of  displacement 
under  traffic  in  this  section  (see  fig.  4).  This  is  a 
further  argument  for  placing  a  maximum  limit  on  the 
plasticity  index  for  base-course  materials. 

13.  It  might  be  desirable  to  promulgate  a  separate 
specification  to  cover  essentially  stone  or  gravel  base- 
course  materials  having  satisfactory  gradings  but  very 
low  soil-mortar  contents  to  allow  the  use  of  such  ma- 
terials without  too  rigorous  limitation  of  plasticity 
index.  The  design  of  such  base  courses  would  necessi- 
tate provision  for  a  mixed  type  of  prime  using  somewhat 
more  viscous  bituminous  materials  than  are  commonly 
used  for  the  ordinary  penetration  prime  treatment. 

THE  COVER  PICTURE 

Rounding  cut  slopes  encourages  vegetative  growth 
and  accomplishes  the  dual  purpose  of  improving  road- 
side appearance  and  preventing  erosion  along  the 
Connecticut  highway  shown  in  the  cover  picture. 
Further  flattening  and  rounding  would  have  been 
desirable,  but  in  this  instance  were  prevented  by 
limitations  imposed  by  the  right-of-way  width.  Estab- 
lishing growth  of  native  plants  on  cut  slopes  serves 
to  reduce  erosion  and  consequent  clogging  of  drainage 
ditches,  thereby  reducing  highway  maintenance  costs. 
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EXPERIMENTAL  BITUMINOUS-TREATED 
SURFACES  ON  SAND-CLAY  AND 

MARL  BASES 

REPORT  ON  EXPERIMENTS  IN  SOUTH  CAROLINA 

Reported  by  PAUL  F.  CRITZ,  Associate  Highway  Engineer.  U.  S.  Bureau  of  Public  Roads,  and 
W.  K.'BECKHAM,  Maintenance  Engineer,  South  Carolina  State  Highway  Department 


A  BITUMINOUS  TREATED  EXPERIMENTAL 
ROAD  was  built  in  Berkeley  County,  South  Caro- 
lina, in  1929  by  the  State  highway  department  and 
the  Bureau  of  Public  Roads  to  obtain  information  on 
sand-clay  and  marl  as  base  materials  and  on  the  com- 
parative value  of  various  bituminous  materials  and 
methods  of  construction.  This  experimental  road  is 
still  in  service  and  a  considerable  portion  of  it  is  in 
good  condition  at  the  present  time.  It  has  been  main- 
tained with  only  such  changes  as  have  been  brought 
about  by  the  application  of  necessary  re-treatments  and 
maintenance  that  have  been  required  to  keep  it  in 
reasonably  good  condition  at  all  times.  The  record  of 
its  construction,  maintenance,  and  service  behavior, 
provides  an  opportunity  for  the  study  of  a  number  of 
factors  upon  which  information  was  desired. 

The  experimental  road,  4.48  miles  long,  was  con- 
structed on  State  route  46  and  extends  from  the  inter- 
section with  United  States  Highway  No.  52  at  Moncks 
Corner  to  the  village  of  Pinopolis.  It  consists  of 
eight  different  sections  constructed  upon  a  marl  base 
and  eight  corresponding  sections  built  upon  a  sand- 
clay  base.  Three  methods  of  construction  were  em- 
ployed in  building  the  bituminous  surfaces.  One  was 
the  mixed-in-place  or  road-mix  method  in  which  the 
aggregates    and    bituminous    materials    were    mixed 


together  on  the  road  with  blade  graders  and  then  spread 
and  rolled.  The  second  was  the  penetration  method  in 
which  the  aggregate  was  spread  and  rolled  and  then 
penetrated  with  the  bituminous  material.  The  third 
method  was  the  surface- treatment  type,  sometimes 
referred  to  as  inverted  penetration,  in  which  the  bitum- 
inous material  was  spread  first  and  immediately  covered 
with  aggregate.  Except  on  the  road-mix  sections,  no 
manipulation  other  than  that  of  light  brooming  to 
obtain  a  uniform  cover  of  aggregate  was  done. 
Rolling  completed  the  operations  except  where  a 
seal  was  applied. 

All  of  the  bituminous  materials  used  were  liquid  and 
were  warmed  slightly  to  insure  uniform  application. 
The  material  used  for  priming  both  the  marl  and  sand- 
clay  bases  was  a  tar  of  8  to  13  specific  viscosity  at  40°  C. 
The  materials  used  as  binders  in  the  mixed  mats  were  a 
tar  of  25  to  35  specific  viscosity,  Engler,  at  40°  C. 
and  two  asphalt  cements  of  60-70  and  85-100  penetra- 
tion, respectively,  cut-back  with  naphtha.  These  two 
asphaltic  materials  will  be  referred  to  as  60-70  or  85-100 
"cut-backs"  or  "CB."  A  quick-breaking  emulsion  was 
used  in  the  penetration  sections  and  an  85-100  cut- 
back was  used  in  the  surface-treated  sections.  For  the 
seal  treatments,  the  same  bituminous  material  used  as 
a  binder  in  a  given  section  was  used  except  in  section  6A 


Table 

1. — Analyses  of  su 

bgrade 

and  base  course  materials 

Identification  of  samples 

Mechanical  analysis 

Characteristics  of  materials  passing  No.  40 

sieve 

Date 
sampled 

Labo- 
ratory 

No. 

Material 
represented 

Par- 
ticles 
larger 
than 
2.0  mm. 

Coarse 
sand, 
2.0  to 
0.25 
mm. 

Fine 
sand, 
0.25  to 
0.05 
mm. 

Silt, 
0.05  to 
0.005 
mm. 

Clay, 
smaller 
than 
0.005 
mm. 

Col- 
loids, 
smaller 
than 
0.001 
mm. 

Per- 
cent 
passing 

Liquid 
limit 

Plas- 
ticity 
index 

Shrinkage 

Moisture 
equivalent 

Soil  group 

Section 

Lim- 
it 

Ratio 

Cen- 
tri- 
fuge 

Field 

Per- 

Per- 

Per- 

Per- 

Per- 

Per- 

cent 

cent 

cent 

cent 

cent 

cent 

1A    and 

1934_ 

8166 

Subgrade 

0 

33 

39 

13 

15 

17 

94 

13 

3 

12 

2.0 

12 

12 

A-2,  feebly  plas- 

IB. 

tic. 

2A 

1936 

10134 

do. 

0 

32 

33 

14 

21 

82 

28 

14 

14 

1.8 

17 

18 

A-2.  plastic. 

2C 

1934 

8162 

do 

0 

32 

29 

13 

26 

20 

83 

27 

16 

13 

1.9 

18 

18 

Do. 

2C 

1936__ 

10139 

do 

0 

9 

50 

22 

19 

96 

34 

18 

15 

1.8 

19 

21 

A-4,  very  plas- 
tic. 
A-3. 

3_ 

1934 

1936 

8163 
10136 

do 

do 

0 
0 

35 
42 

49 
34 

5 
9 

11 

15 

10 

S9 
88 

16 
16 

0 

1 

6 

7 

19 

17 

3 

11 

1.9 

A-2,  friable. 

4 

1934 

8164 

do 

0 

36 

45 

7 

12 

8 

86 

14 

0 

9 

17 

A-3. 

2A 

1936 

1934 

10133 
8161 

Marl  base 

do 

0 
0 

12 
11 

45 
44 

21 
21 

22 
24 

15 

95 
95 

40 
40 

9 
17 

23 
29 

31 

A-5. 

2C 

31 

1.4 

A-5. 

2C _ 

1936 

10138 

do 

0 

14 

48 

19 

19 

95 

41 

6 

31 

1.4 

23 

42 

A-5. 

3 

1936 

1(113,-, 

do 

0 

14 

44 

21 

21 

94 

35 

9 

27 

1.5 

21 

29 

A-2,  plastic. 

3 

1936 

10137 

...do 

0 

14 

48 

19 

19 

95 

36 

5 

27 

1.5 

19 

33 

A-4. 

5 

1936 

10140 

do 

o 

13 

47 

20 

20 

94 

38 

7 

32 

1.4 

21 

35 

A-5. 

6A1 

During  con- 
struction 

Sand-clay  base. 

1 

17-24 

47-53 

10-11 

19 

14-15 

93 

25-26 

9-12 

17 

1.8 

14-16 

19-22 

A-2. 

6B  ! 

do 

do 

0-1 

24-30 

43-46 

8-11 

16-21 

11-15 

89-93 

21-28 

8-12 

18 

1.8 

14-20 

17-23 

A-2. 

7A  3 

do 

do 

0-1 
0 

21-30 
32 

46-60 
50 

7-8 
6 

11-17 
12 

7-14 

7 

92-93 
93 

17-24 

17 

0-10 
0 

17 

1.8 

8-14 
9 

16-20 

17 

A-2  and  A-3. 

7A 

1934 

8165 

.  do.... 

A-3. 

7B  3 

During  con- 
struction. 

do  .. 

0-1 

19-27 

55-59 

S 

10-14 

7-11 

95 

18-21 

0-7 

17-18 

1.8 

11-16 

16-17 

A-l  and  A-2. 

8... 

1934 

8168 

do 

o 

29 

55 

4 

12 

8 

93 

15 

0 

8 

19 

A-3. 

102 

During  con- 
struction. 

do... 

0 

12-20 

50-65 

8-11 

11-21 

8-16 

94-95 

17-30 

0-10 

17-18 

1.8 

9-18 

17-19 

A-2  and  A-3. 

10 

1934 

8167 

do. 

0 

26 

51 

7 

16 

12 

96 

19 

7 

15 

1.9 

11 

16 

A-2  plastic. 

1  2  samples. 


2  4  samples. 


s  3  samples. 


135844—39- 


21 


22 
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where  an  85-100  cut-back  was  used  to  seal  the  mat 
in  which  a  60-70  cut-back  had  been  used  as  the  binder. 
All  of  the  asphaltic  materials  came  from  one  refinery; 
all  of  the  tar  products  came  from  another. 

The  aggregate  was  crushed  granite  graded  as  follows: 
1%  to  >4  inch,  %  to  K  inch,  %  to  %  inch,  and  lA  inch  to 
dust. 

ANALYSIS  OF  MATERIALS  AND  COST  GIVEN  FOR  EACH  SECTION 

The  location  and  description  of  the  various  sections 
comprising  the  experiment  are  shown  hi  the  charts  in 
figures  1  and  2,  which  also  show  the  character  and 
extent  of  the  re-treatments  that  have  been  applied 
since  construction.  Analyses  of  the  base  and  subgrade 
materials  are  given  in  table  1.  The  grading  of  the 
aggregates  and  the  analyses  of  the  bituminous  mater- 
ials used  are  given  in  tables  2,  3,  4,  and  5.  The  cost  of 
maintaining  the  bituminous  surfaces,  including  re- 
treatments,  is  given  in  table  6. 


Table  2. 


-Mechanical  analysis  of  crushed  stone  used  in 
construction 


Size  designation 

1W  to  Y* 
inch 

Vi  to  H 
inch 

H  to  U 
inch 

\i  inch  to 
dust 

Retained  on — 

Percent 

Percent 

Percent 

Percent 

16 
39 
63 

88 
100 

H-inch  screen  _ 

6 

59 
88 
95 
100 

1 
71 
96 
99 
100 

J4-inch  screen . 

No.  10  sieve .  

15 

No.  20  sieve 

48 

No.  30  sieve 

59 

70 

79 

No.  80  sieve . 

89 

No.  100  sieve 

92 

No.  200  sieve 

97 

The  experimental  road  extends  west  and  north  from 
the  intersection  with  United  States  Highway  No.  52  at 
Moncks  Corner,  where  the  stationing  begins,  but  for 
easy  reference  in  this  report  it  will  be  considered  as 
extending  from  east  to  west. 

The  route  on  which  the  improvement  was  made 
carries  principally  passenger  cars  and  light  trucks,  but 
some  heavier  trucks  with  trailers  carrying  relatively 
heavy  loads  of  logs  or  merchandise  also  use  it.  The  aver- 
age daily  traffic  is  given  in  table  7.  The  area  adjoining 
the  experimental  road  is  relatively  flat  and  low  with 
the  water  table  close  to  the  surface.  The  soil  is  sandy 
loam,  suitable  for  agricultural  purposes  and  forms  the 
subgrade  of  the  roads  in  this  area.  Unsurfaced  roads 
in  the  vicinity  contain  the  same  type  of  soil  and  their 
service  behavior  depends  upon  the  composition  of  the 
soil.  The  subgrade  on  the  experimental  road  was 
composed  of  material  of  this  character  and,  as  shown 
in  table  1 ,  varied  somewhat  in  composition  and  physical 
characteristics.  Some  natural  drainage  is  afforded 
and  this  has  been  supplemented  since  construction  by 
the  installation  of  cross  drains,  French  drams,  and  side 
ditches  so  that  the  drainage  requirements  have  in 
general  been  fairly  well  met. 

At  the  time  this  experimental  road  was  constructed, 
the  application  of  present-day  soil  analysis  had  not 
reached  the  stage  of  development  that  it  has  more 
recently  attained.  Methods  of  stabilizing  loosely 
bonded,  sandy  soils  had  been  developed  and  a  con- 
siderable amount  of  work  of  this  character  had  been 
done   in   South   Carolina   and   elsewhere   both   experi- 


Table  3. — Composition  of  the  cut-back  asphalts  used  in 
construction 

ANALYSIS  OF  DISTILLATE 

Specific  gravity,  77°/77°  F 0.786 

Initial  boiling  point - °  F__  172 

Total  distillate  to  200°  F percent..      2 

Total  distillate  to  300°  F do 16 

Total  distillate  to  392°  F _ do 89 

End  point - °  F_.  522 

ANALYSIS  OF  ASPHALT  CEMENT  BASE 


Penetration  at  77°  F 

Softening  point _ — °  F__ 

Ductility  at  77°  F.._ cm.. 

Loss  at  325°  F.,  5  hours,  50  grams... percent.. 

Solubility  in  CSa do 


Penetration 
grade, 
60  to  70 


67 
125 
110+ 
.01 


Penetration 

grade, 

85  to  100 


100 
116 
110+ 

.02 
99.88 


ANALYSIS  OF  COMBINED  DISTILLATE  AND  BASE 


Specific  gravity  at  77°/77°  F 

Flash  point °  F.. 

Specific  viscosity,  Engler,  at  104°  F 

Specific  viscosity,  Engler,  at  122°  F 

Loss,  325°  F.,  5  hours,  50  grams percent .  _ 

Residue,  penetration  at  77°  F 

Loss,  325°  F.,  5  hours,  20  grams percent.. 

Residue,  penetration  at  77°  F 

Solubility  in  CSj percent.. 

Organic  matter  insoluble do 

Inorganic  matter  insoluble ...do 

Bitumen  insoluble  in  86°  B.  naphtha do 

Residue  of  100  penetration do 

Penetration  of  residue  at  77°  F 

Penetration  of  residue  at  32°  F 

Softening  point  of  residue.. _.°  F.. 

Ductility  of  residue  at  77°  F ..cm.. 

Ductility  of  residue  at  38°  F _ ..do 

Distillation  by  volume  (A.  S.  T.  M.  D402-36): 

Total  distillate  to  374°  F ...percent.. 

Total  distillate  to  437°  F do 

Total  distillate  to  680°  F do 

Residue,  penetration  at  77°  F._ 

Residue,  softening  point °  F_. 


Penetration 
grade,  60  to  70 


0. 947 
82 
59 
30 
25.4 
84 
26.3 
44 

99.79 
.18 
.03 
18.8 
72 
87 
14 
ll.', 

4.0 

6.0 
19.0 
30.6 
67 
119 


-  0.950 

■  86 

■  71 

■  37 

■  28.3 
101 

■  29.8 

■  50 
99. 91 

.08 
.01 

■  19.4 
73 
94 

■  23 
126 
110+ 

5.2 


-  25.0 

-  37.4 

-  75 
-122 


Penetration 
grade,  85  to  100 


0. 942- 

77 

41 

23 

24.5 
104 

24.9  - 

56 

99.  79  - 
.18  - 
.04  - 

14.9  - 

74 


0.947 

-  86 

-  62 

-  34 

-  28.2 
-119 

-  25.9 
65 


90 
12 
115 

4.9 

0.8 
20.0 
29.7 
78 
110 


-  .07 

-  .02 

-  17.0 

-  75 
-104 

-  22 
-119 

110+ 
-6.4 

-  11.5 

-  22.0 

-  33.6 

-  98 
-118 


Table  4. —  Analysis  of  tars  used  in  construction 


Specific  gravity,  77°/77°  F 

Specific  viscosity,  Engler,  at  104°  F 

Solubility  in  CSa --- percent.. 

Organic  matter  insoluble do 

Inorganic  matter  insoluble do 

Water do 

Distillation  by  weight,  water-free  basis: 

To  338°  F percent.. 

338°-455°  F do.... 

455°-518°  F do 

518°-572°  F do.... 

Residue do 

Softening  point  of  residue °  F_. 


Grade  of  material 


8-13  viscosity  ' 


1.142-    1.148 

11.1    -  11.7 

96.  15  -  96. 93 

2.  65  -    3.  81 

.  02  -      .04 

.04 

1.05-     1.25 

6.  67  -    6.  93 

11.57  -  11.89 

8. 40  -    8. 45 

71.49  -  72.10 

109        -110 


25-35  viscosity' 


27.5 

95.92 

2.04 

.02 

.40 

.53 

4.71 

8.89 

7.89 

76.07 

106 


1.165 
28.5 


3.61 
.07 


-  1.07 

-  5.29 

-  10.26 

-  8.03 

-  77.  26 
-107 


1  Used  as  a  prime  on  all  sections. 

2  Used  on  sees.  2B  and  7B  in  the  mixture  and  in  the  seal  coat. 


Table   5. — Analysis  of  asphalt  emulsion  used  in  the  construction 
of  sections  2C  and  7C 

Specific  gravity,  77°/77°  F 1.009 

Specific  viscosity,  Engler,  at  122°  F 1.98 

Distillation  to  500°  F.,  by  weight: 

Water percent..    47.3 

Oil .do Trace 

Residue ..do 52.6 

Tests  on  residue  from  distillation: 

Specific  gravity,  77°/77°  F 1.015 

Penetration  at  77°  F 113 

Softening  point °  F..  118 

Ductility  at  77°  F cm..    96.5 

Solubility  in  CSj percent..    98.94 

Organic  matter  insoluble do 40 

Ash  (by  ignition) do 66 
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Vol.  20,  No.  2 


STAO  +  00 


EXPERIMENT  I  -SECTION  A 

CONSTRUCTION 


13+28      STA. 13+28 


base 

MARL, PRIMED  WITH  027GAL  8  TO  13   VISCOSITY  TAR 

MIXED  MAT 

1  8  INCHES  USING  0  91  GAL  60-70   CUTBACK  ;  1  54LB    STONE,  lli"  TO  'A": 
38   LB    SCREENINGS,  'A"  TO   DUST 

SURFACE. 
TREATMENT 

042  GAL    60-70  CUTBACK,  30LB    STONE  CHIPS,  %"  TO  'A" 

RE-TREATMENTS 

NOV      1929 

JUNE    I9JI 

NOV      1931 

037    GAL     60-70    CUTBACK;    30  LB.  STONE,  %"  TO /V' 

DEC      1931 

SEPT.   1932 

SEPT    1933 

SEPT    I93S 

0  45  GAL  60-70   CUTBACK;   40  LB.  STONE,  /V'TO  %" 

OCT      1936 

±1  STA  24+50 


EXPERIMENT  2-SECTION    A 

CONSTRUCTION 


BASE 

MARL,  PRIMED  WITH  031  GAL    8  TO  13  VISCOSITY  TAR 

MIXED   MAT 

2.0  INCHES  USING069GAL. 85-100  CUTBACK,  I80LB    STONE, lli'TO/V' 

SURFACE 
TREATMENT 

0  30  GAL.  85-100  CUTBACK,  18  LB.  STONE  CHIPS,  %"T0  VC 

RE-TREATMENTS 


NOV     1929 

JUNE    1931 

NOV     1931 

030GAL    85-100  CUTBACK  ,  30LB.  STONE,    %"T0  V 

DEC.    1931 

SEPT   1932 

BASE  AND  OLD  MAT  REMIXED,  PRIMED  WITH  0  23  GAL  TAR    , 

SURFACE  TREATED  WITH  067  GAL   85-100  CUTBACK;  61  LB  STONE,V4"T0/4" 

SEPT  1935 

SEPT  1935 

0  46  GAL.  85-100  CUTBACK  ;     40  LB  .  STONE,/z"T0  %" 

OCT.    1936 

060  GAL  85-100  CUTBACK,           25LB   STONE,  5/8"TO  'A";  25  LB  SAND 

JJ-DEDUCT  36  FEET 
FOR  RR  CROSSING 

STA. 52+00 


EXPERIMENT  2-SECTION   C 

CONSTRUCTION 


EASE 

MARL,  PRIMED    WITH  0  28  GAL  8T0  13   VISCOSITY    TAR 

PENETRATION 
MAT 

2  3  INCHES  USING  37  LB.  SCREENINGS, ^'TO  OUST  ;     165  LB   STONE.lV'TOJV' 
0  44  GAL  EMULSION;  8  LB   STONE  CHIPS,  Vft"T0/4"; 
0.83GAL  EMULSION;  7LB.  STONE  CHIPS,  5/8  "TO 'A" 

SURFACE  TREATMENT 

0  i  J  GAL   EMULSION,  I5LB   STONE   CHITS,  ■  ft "  TO  V 

RE-TREATMENTS 


SEPT  1932 


SEPT    1935 


REMIXED  WITH  0  81  GAL. EMULSION  ;  SEALED  WITH   0.45  GAL.  EMULSION 
AND  35  LB  STONE, ;/a"T0  '/i  " -r- , 


045GAL  EMULSION; 
35LB  STONE, Va"T0y8" 


0  60  GAL   EMULSION  ;  16  LB  STONE.I  V'TOI/i" 
ANDI9LB    STONE. 3/4"T0/4" 


0  70  GAL   EMULSION  ;  I0LB  STONE.IV'TO/V' 
AND  I5LB   STONE, 3A"T0'/4" 


BASE  AND  OLD  MAT  REMIXED_ 
PRIMED  WITH075GAL  TAR 


HEW  MAT   I  93  GAL. EMULSION; 
138  LB.STONE,V4"T0A" 


—4  0  62  GAL    EMULSION  AND  53  LB  STONE,?/8"TO  A 


0  43  GAL    EMULSION  AND  31  LB  STONE, '^"TO  % 


0  62  GAL  EMULSION  AMD  STONE  .5/i"T0  Vi" 
25LB |        40  LB         !  /6 


STA. 92+40 


EXPERIMENT-4 

CONSTRUCTION 


BASE 

MARL,  PRIMED   WITH  0.26  GAL   8  TO  13    VISCOSITY  TAR 

MIXED    MAT 

1  8  INCHES  USING  072  GAL. 85-100  CUTBACK,  I57LB.  STONE,  ^"TO  Yl," 

SURFACE  TREATMENT 

0.22  GAL.  85-100   CUTBACK;    15  LB.  STONE   CHIPS  ,  %"  TO  /41' 

RE-TREATMENTS 

NOV.     1929 

JUNE     1931 

NOV.     1931 

039GAL  85-100  CUTBACK,   31  LB   STONE/4 

TO 'A" 

DEC      1931 

SEPT    1932 

SEPT    1933 

SEPT    1935 

045GAL    85-100  CUTBACK,  40  LB   STONE,'/z"T0  A" 

OCT      1936 

EXPERIMENT  I-  SECTION  B 
CONSTRUCTION 


24  +  50 


BASE 

MARL,  PRIMED  WITH  0  27  GAL  8  TO  13    VISCOSITY  TAR 

MIXED   MAT 

1  8  INCHES  USING  I03GAL  85-100  CUTBACK  ,  156  LB   STONE  ,    1  V  TO  '//,"■ 
37  LB    SCREENINGS,     IVTODUST 

SURFACE 
TREATMENT 

0  29  GAL.  85-100  CUTBACK;  15    LB.   STONE  CHIPS,  %"  TO  'A" 

RE- TREATMENTS 


NOV     1929 

JUNE    1931 

niM",AI    RS-IOO  CUTBACK  ;  331  B   STONE5/BnT0'/«1 

NOV     1931 

0  35GAL  85-I00CUTBACK,  32LB  STONE,/iT0/4"(AL  A  °NJ 

A 

DEC.    1931 

SEPT. 1932 

BASE  AND  OLD  MAT  REMIXED;  PRIMED    WITH   0  35  GAL  TAR;        1. 
SURFACE  TREATED  WITH  0  53GAL.  85- 100  CUTBACK;  67  LB  ST0NE.%"T0/4"I 

SEPT  1933 

SEPT  1935 

0  47  GAL.  85-100    CUTBACK;    4-0  LB.  STONE.'/V'TO  '/£ 

OCT      1936 

39+60       STA. 39+60 


EXPERIMENT  2-SECTION   B 

CONSTRUCTION 


52  +  00 


BASE 

MARL,  PRIMED  WITH  0.29  GAL.  8T0  13   VISCOSITY  TAR 

MIXED  MAT 

2.0  INCHES   USING0  89GAL.25T03SVI5COSITY    TAR;    175  LB.  S TON E,!^" TO  ft" 

SURFACE 
TREATMENT 

0.23  GAL.  25T03S  VISCOSITY  TAR;  15  LB.STONE  CHIPS,  %"  TO  'A  " 

RE-TREATMENTS 


NOV.   1929 

JUNE  1931 

0  34  GAL    25-35  TAR; 
33  LB  STONE, -Vs'TO/s" 

NOV     1931 

DEC      1931 

0.37GAL.  25-35  TAR;  32LB.  STONE,  %"T0/4" 

SEPT   1932 

BASE  AND  OLD  MAT  REMIXED;    PRIMED   WITH  0  29  GAL  TAR;  _ 
SURFACE  TREATED  WITH066GAL.  85-100  CUTBACK;  74LB.STONE,V4T0ji" 

SEPT  1933 

SEPT  1935 

0  44  GAL.  25-35  VISCOSITY  TAR;          40LB.  STONE,  '/z "  TO  'A" 

OCT     1936 

— — 0.60GAL  25-35  VISCOSITY  TAR  ;           25LB  STONE, 5/6"T0y4";25LB  SAND 

66+00       STA. 79+20 


EXPERIMENT  3 
CONSTRUCTION 


92+40 


BASE 


MARL,  PRIMED    WITH  0  30  GAL  8  TO  13  VISCOSITY  TAR 


SURFACE 
TREATMENT 


8INCHES  USING  I  I9&AL  85-100  CUTBACK,  162  LB  STONE  ,    3/V'TO  //" 
38  LB   5CREENINGS,/4"T0  DUST 


RE- TREATMENTS 

NOV     1929 

JUNE   1931 

NOV.     1931 

DEC.    1931 

SEPT  1932 

SEPT  1933 

SEPT,  1935 

OCT.     1936 

058  GAL    85-100  CUTBACK,     25LB.  STONE  ,  %"T0  V4'1 

25 LB.  SAND 

105+84       STA  66  +  00 


EXPERIMENT  5 
CONSTRUCTION 


79  -I-  20 


BASE 

MARL,  PRIMED  WITH  0  33GAL8TOI3  VISCOSITY  TAR 

MIXED   MAT 

NONE 

SURFACE 
TREATMENT 

044GAL. 85-100  CUTBACK  ;        50LB.  STONE,  I'V'TO/V' 

RE-TREATMENTS 


NOV.    1929 

036  GAL  85-l00CUTBACK;l5LB  STONE.'/jTO'C 

JUNE   1931 

NOV.    1931 

0.29GAL  85-100  CUTBACK; 
21  LB.  STONE,H"T0!V' 

DEC.    1931 

SEPT.  1932 

SEPT.  1933 

0  46  GAL   85- 100  CUTBACK, 
39  LB    STONE^VTOV1 

SEPT  1935 

OCT    1936. 

0  56  GAL.  85- 100     CUTBACK;       25  LB.  STONE,%"T0  !4"  .  25LB.SAND 

Figure  1. — Character  of  Construction  and  He-Treatments  Applied  to  Experiments  1  to  5,  Inclusive.     Quantities  Shown 

Are  Amounts  per  Square  Yard  of  Surface  Area. 
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STA  105  +  84 


EXPERIMENT  6- SECTION  A 

CONSTRUCTION 


119+99        STA.  119  +  99 


BASE 

SAND-CLAY.  PRIMED  WITH  0.33  GAL.8  TO  I3VISCOSITY  TAR 

MIXED   MAT 

2.0  INCHES  USING   1  0  GAL  60-70  CUTBACK  ;  171  LB.  STONE,  1  'A"  TO  W; 
40  LB    SCREENINGS.  V  TO  DUST 

SURFACE 
TREATMENT 

034GAL.  85-100  CUTBACK:    IS  LB.  STONE  CHIPS,   5/8 "TO 'A" 

RE-TREATMENTS 


NOV.     1929 

JUNE  1931 

NOV,     1931 

DEC      1931 

SEPT.  1932 

SEPT  1933 

042  GAL     60-70  CUTBACK;  40  LB   STONE,  5/8"T0  A," 

SEPT.  193  5 

OCT     1936 

STA.  132 +00 


EXPERIMENT  7 -SECTION  A 

CONSTRUCTION 


BASE 


MIXED  MAT 


SURFACE 
TREATMENT 


SAND-CLAY.  PRIMED  WITH  0  29  GAL.  8  TO  13  VISCOSITY  TAR 


2  0  INCHES    USING  0  77  GAL.  85-100  CUTBACK;  I  78  LB  STONE.lV'TO  V 


027GAL.  85-IOOCUTBACK:    18  LB    STONE   CHIPS,  5/s"  TO  V 


RE-TREATMENTS 


NOV     1929 

JUNE  1931 

NOV.    1931 

035  GAL.   85-100  CUTBACK;  35LB.  STONE,  3/i,"T0  \" 

DEC.     1931 

SEPT  1932 

SEPT  1933 

SEPT  1935 

OCT     1936 

STA.  144  +  20 


EXPERIMENT  7  -  SECTION  C 

CONSTRUCTION 


BASE 

SAND-CLAY.  PRIMED  WITH  0  34  GAL.  8  TO  13  VISCOSITY  TAR 

PENETRATION 
MAT 

23  INCHES  USING   Ml  GAL  EMULSION;  30 LB.  SCREENINGS, 'A *T0  DUST; 
165  LB   STONE,   IV  TO   'A" 

SURFACE 
TREATMENT 

025GAL.  EMULSION;  I5LB  STONE  CHI  PS,  %"  TO  V 

RE-TREATMENTS 


NOV     1929 

JUNE  1931 

NOV     1931 

0  63  GAL   EMULSION;   37  LB    STONE.  Vfc'TO  V 

DEC     1931 

SEPT  1932 

SEPT.  1933 

SEPT  1935 

OCT.    1936 

089  GAL.  EMULSION  ;            40  LB.  STONE,  5/8"TO  !%";  27  LB.  SAND 

STA.  226+ 10 


EXPERIMENT  9 

CONSTRUCTION 


238+80 


BASE 

SAND-CLAY.  PRIMED  WITH  0.27  GAL.  8  TO  13  VISCOSITY  TAR 

MIXED   MAT 

1  8  INCHES  USING  077GAL.  85-100  CUTBACK;  152  LB.  STONE.  V4"T0  V 

SURFACE 
TREATMENT 

0.29  GAL.  85-IOOCUTBACK;   14 LB.  STONE  CHIPS,  5/8"T0  V 

RE-TREATMENTS 


NOV     1929 

JUNE  1931 

NOV.    1931 

DEC     1931 

SEPT  1932 

SEPT  1933 

SEPT.  1935 

OCT.    1936 

EXPERIMENT  6  -SECTION  B 

CONSTRUCTION 


132  +  00 


BASE 

SAND-CLAY,  PRIMED  WITH  0.39  GAL.8  TO  13  VISCOSITY  TAR 

MIXED  MAT 

20  INCHES    USING  1.09  GAL.  85- 100  CUTBACK.  170 LB  STONE.  1  '/<," TO  Vi,"; 
42  LB.  SCREENINGS.  V  TO  DUST 

SURFACE 

TREATMENT 

0.23  GAL.  85-100  CUTBACK;   I5LB.  STONE  CHIPS.  %  "TO  V4" 

RE-TREATMENTS 


NOV.    1929 

JUNE  1931 

NOV.    1931 

041  GAL.   85-IOOCUTBACK;  21  LB.  STONE.  3/i,"T0  'V 

DEC     1931 

SEPT.  1932 

SEPT  1933 

SEPT  1935 

OCT.    1936 

144  +  20       STA. 199 +70 


EXPERIMENT  7  -  SECTION  B 

CONSTRUCTION 


212  +  90 


BASE 

SAND-CLAY.  PRIMED  WITH  0.25  GAL.  8  TO  13  VISCOSITY  TAR 

MIXED  MAT 

2.0  INCHES  USING  077GAL.25T035  VISCOSITY  TAR;  169  LB  STONE,  1  V'TO  X 

SURFACE 

TREATMENT 

REMIXED  WITH   030  GAL. 
25  TO  35  VISCOSITY  TAR 

^.042 GAL.  25  TO 35  VISCOSITY  TAR' 
I5LB  STONE  CHIPS.  5/B"TO    '/*" 

RE-TREATMENTS 


NOV     1929 

023  GAL   25  T035  VISCOSITY  TAR; 
I5LB  STONE  CHIPS.  5/8 "TO  !A" 

JUNE  1931 

NOV.     1931 

DEC.    1931 

SEPT  1932 

SEPT.  1933 

SEPT  1935 

OCT.    1936 

060  GAL.25T035  VISCOSITY  TAR  ;            25  LB. STONE, 5/8"T0/C;25LB.  SAND 

158+40       STA.212  +  90 


EXPERIMENT  8 

CONSTRUCTION 


226+10 


BASE 

SAND-CLAY,  PRIMED  WITH  0.26  GAL.  8  TO  13  VISCOSITY  TAR 

MIXED   MAT 

1.8  INCHES   USING    125  GAL.  85-100  CUTBACK  ;  154  LB.  STONE.  3/4"T0  %'; 
38  LB  SCREENINGS,  A"  TO  DUST 

SURFACE 

:  R!  ATM  1  ■■  ' 

NONE 

RE-TREATMENTS 


NOV     1929 

JUNE  1931 

NOV     1931 

DEC.    1931 

SEPT  1932 

SEPT  1933 

SEPT  1935 

OCT.    1936 

EXPERIMENT  10 


J  STA.  158 +  40 

CONSTRUCTION                                    199+70 

BASE 

SAND-CLAY,  PRIMED  WITH  0.29  GAL. 8T0  13  VISCOSITY  TAR 

MIXED  MAT 

NONE 

SURFACE 
TREATMENT 

0.46  GAL.  85-100  CUTBACK  ;  52  LB.  STONE .  1  ATO   '/<," 

RE-TREATMENTS 


NOV     1929 

032  GAL  85-IOOCUTBACK  ;             APPROXIMATELY  25LB   LOOSE 
SURFACE    STONE  AND  10  TO   13  LB.  STONE.'V  TO  A" 

JUNE  1931 

NOV     1931 

0  50  GAL.  85-100  CUTBACK:  46LB.  STONE,  3A"T0  \' 

DEC.     1931 

SEPT   1932 

SEPT   1933 

SEPT  1935 

OCT     1936 

Figure  2. — Character  of  Construction  and  Re-Tbeatmentj 

Shown  Are  Amounts  per  Squ 


ll-DEDUCT   170  FEET  FOR   STATION  EQUATION 

i  Applied  to  Experiments  6  to   10,   Inclusive.     Quantities 
are  Yard  of  Surface  Area. 
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Table  7. — Average  traffic  on  the  experimental  road,  between 
7  a.  m.  to  7  p.  ?». 


Upon  completion  of  project. .. 

1930  (average  of  9  counts) 

1931  (average  of  12  counts) 

1932  (average  of  11  counts) 

1933  (average  of  12  counts) 

1934  (average  of  12  counts) 

1935  (average  of  12  counts) 

1930  (average  of  12  counts) 

1937  (first  0  months,  6  counts) 


Recording  station 


No.  1 '        No.  2  ' 


Number 
587 
474 
537 
478 
572 
751 
834 
955 


\  u  mbi  • 
320 
276 
325 
272 
320 
•ill 
425 
486 
480 


1  Between  Moucks  Corner  business  section  and  United  States  Highway  No.  52 
(formerly  No.  17). 

2  Between  Moncks  Corner  business  section  and  Pinopolis. 

mentally  '  and  as  routine  construction.  Results  ob- 
tained in  the  use  of  sand-clay  as  a  road-building  ma- 
terial varied  considerably.  Because  of  its  uncertain 
behavior,  there  were  differences  of  opinion  regarding 
the  properties  that  a  sand-clay  should  possess  to  be 
satisfactory  as  a  base  material  for  bituminous  surfaces. 
These  opinions  were  usually  based  upon  the  engineer's 
experience  with  the  materials  found  in  his  particular 
locality.  It  was  recognized  that  more  definite  infor- 
mation regarding  the  characteristics  of  sand-clay 
materials  was  essential  if  such  a  widespread  and  plenti- 
ful material  were  to  be  utilized  to  the  greatest  possible 
extent  in  building  satisfactory  low-cost  roads. 

MARL  AND  SAND-CLAY  OBTAINED  FROM  LOCAL  DEPOSITS 

It  was  generally  agreed  that  both  the  sand  and  the 
clay  played  important  parts  but  it  was  not  known 
what  percentages  of  each  would  be  most  suitable  or 
to  what  extent  the  characteristics  of  the  component 
parts  affected  the  behavior  of  the  combination.  While 
the  methods  of  soil  analysis  now  in  general  use  had 
been  developed  at  the  time  this  experimental  road  was 
built,  data  sufficient  for  correlating  laboratory  tests 
with  service  behavior  had  not  yet  been  obtained. 
Consequently,  the  only  practical  method  for  deter- 
mining the  suitability  of  a  given  material  was  by  a 
service  test.  The  same  situation  existed  with  respect 
to  the  marl. 

The  apparently  successful  results  that  had  been 
obtained  with  limeroek  in  base  construction  in  Florida 
and  Georgia  led  to  the  assumption  that  a  somewhat 
similar  material  available  in  South  Carolina  might 
prove  satisfactory.  This  material,  known  locally  as 
marl,  and  used  on  2  miles  of  the  experimental  road,  was 
taken  from  a  nearby  deposit.  Laboratory  determina- 
tion of  the  properties,  which  at  that  time  were  deemed 
the  most  significant,  showed  it  to  have  the  following 
characteristics: 

Calcium  carbonate,  84  to  87  percent. 
Silica,  alumina,  and  iron  oxides,  10  to  14%  percent. 
Magnesium  carbonate,  1.3  to  1.7  percent. 
Cementing  values,  133  to  500  (plus). 

The  marl,  when  taken  from  the  pit,  was  grayish 
white  and  contained  some  moisture.  While  in  this 
condition  it  could  be  readily  broken  down  with  disks, 
harrows,  and  blade  graders  into  a  fine-grained  homo- 
geneous mass.  It  compacted  uniformly  without  lami- 
nations,  but  developed  small  shrinkage  cracks  while 

1  Experimental  Bituminous  Treatment  of  Sandy-Soil  Roads,  by  Paul  F    Critz 
and  H.  L.  Sligh.    Public  Roads,  vol.  17,  No.  11,  January  1937. 


drying.  When  dry,  the  surface  became  white,  hard, 
and  had  an  objectionable  glare  in  the  sunlight. 

The  marl  base,  which  was  8  to  10  mches  thick,  was 
built  by  contract  in  the  fall  of  1928  and  served  as  a 
wearing  surface  for  traffic  until  August  1929.  During 
this  period  its  main  disadvantages  were  its  dazzling 
whiteness,  a  slight  tendency  to  dust  under  steel-tired 
vehicles,  and  its  tendency  to  soften  in  continued  rainy 
weather.  However,  at  the  time  the  bituminous- 
treated  surfaces  were  applied  the  base  appeared  to  be 
in  excellent  condition. 

The  sand  clay  used  in  the  base  on  2.48  miles  of  the 
experiment  was  taken  from  a  local  pit  and,  although 
the  best  available,  was  not  considered  a  good  quality 
material  largely  because  of  its  lack  of  uniformity  and 
of  binder.  The  base  was  built  6  to  7  inches  thick  and 
was  constructed  by  State  forces  shortly  before  the 
bituminous  treated  surfaces  were  applied.  Consider- 
able work  was  done  in  manipulating  the  material  on 
the  road  after  each  rain  in  an  attempt  to  obtain  con- 
solidation and  some  degree  of  uniformity.  Some  bond- 
ing and  consolidation  were  obtained  but,  at  the  time 
the  experimental  sections  were  built,  the  base  was  in 
only  fair  condition. 

The  bituminous  surfaces  were  built  by  State  forces 
during  August,  September,  and  October  1929.  The 
three  methods  of  construction  used  are  indicated  in 
figures  1  and  2.  The  details  of  constructing  the  various 
sections  of  the  experiment  were  reported  in  Public 
Roads  in  November  1931,  but  for  convenience  are 
briefly  stated  in  this  report,  the  main  purpose  of  which 
is  to  present  the  data  and  information  that  have  been 
accumulated  from  the  time  of  construction  to  June  30, 
1937,  together  with  such  discussions  as  appear 
warranted. 

MARL  BASE  BLADED  AND  PRIMED  BEFORE  CONSTRUCTING 
SURFACES 

In  maintaining  the  sections  since  their  construction 
an  effort  has  been  made  to  keep  them  in  a  uniformly 
satisfactory  condition  at  all  times.  Maintenance  has 
consisted  of  patching  as  needed  and  the  application  of 
re-treatments  on  sections  in  whole  or  in  part  as  required. 
In  applying  the.  re-treatments,  the  same  types  of  bitu- 
minous material  were  used  that  had  been  used  in  the 
original  construction.  The  aggregate  was  one-size 
granite  that  varied  slightly  in  maximum  size  as  shown 
in  figures  1  and  2. 

Prior  to  applying  the  tar  prime,  the  marl  base  was 
brought  to  a  uniform  cross  section  by  blading  after 
sprinkling  with  water.  The  tar  prime  was  then  applied 
and  allowed  to  penetrate  and  dry  before  the  bituminous 
treated  surfaces  were  constructed.  During  this  drying 
period  it  was  observed  that  the  tar  penetrated  readily 
and  the  base  hardened  in  areas  unshaded  from  the  sun 
but  that  where  the  surface  was  shaded,  the  rate  and 
extent  of  penetration  were  less  and  the  surface  hardened 
more  slowly. 

Experiment  1,  section  A,  stations  0-\-00  to  13+28. — 
The  method  of  construction  and  the  amounts  of  material 
per  square  yard  used  on  this  section  were  as  follows: 

Prune:  0.27  gallon  of  tar. 

Mix:   1.8    inches     thick     when    compacted;     154 

pounds  of  iy4-  to  %-inch  crushed  stone,  38  pounds 

of   %  inch   to   dust,   and   0.91   gallon  of    60-70 

cut-back. 
Seal:  0.42  gallon  of  the  same  bituminous  material 

and  30  pounds  of  %-  to  %-inch  stone  chips. 
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y-  It  was  expected  that  the  combined  fine  and  coarse 
aggregate  would  produce  a  dense  mat  that  would  not 
require  a  seal.  However,  the  resulting  mat  had  a 
coarse  texture  and  an  open  surface.  During  a  month 
under  traffic,  some  raveling  occurred,  and  it  was 
deemed  advisable  to  seal  the  surface. 

Prior  to  apply ing  the  seal  on  this  section,  as  well  as 
on  several  others  where  the  mat  was  very  open,  the 
surface  was  choked  with  %-  to  %-inch  stone  and  sub- 
jected to  traffic  for  2  days  before  the  bituminous  mate- 
rial and  cover  materials  were  applied. 

Considering  the  amount  of  traffic  carried,  this  section 
has  been  one  of  the  most  satisfactory  of  those  having  a 
marl  base.  During  most  of  its  life  the  section  appeared 
lean,  dry,  and  somewhat  porous.  The  small  amount  of 
raveling  that  occurred  was  confined  mostly  to  the  edges. 
Cracking  of  the  mat  was  characteristic  of  the  section, 
and  most  of  the  maintenance  required  was  to  seal  these 
cracks.  Little  trouble  that  could  be  attributed  to 
unsatisfactory  base  conditions  was  experienced.  Test 
holes  dug  through  the  mat  and  base  in  1934  showed  the 
marl  base  to  be  dry,  and  the  mat  to  be  well  bound  by 
bitumen  below  the  surface,  although  on  the  surface  it 
appeared  dry  and  lean.  French  drains,  installed 
shortly  after  contructing  the  experiment,  and  deep  side 
ditches  apparently  furnished  adequate  drainage. 

Only  two  re- treatments  were  applied  to  this  section, 
one  in  1931  and  one  in  1935.  Both  were  applied  pri- 
marily to  eliminate  the  dry,  lean  appearance  of  the 
surface,  to  seal  cracks,  and  to  eliminate  the  nonuni- 
formity  gradually  resulting  from  the  placing  of  num- 
erous skin  patches  used  in  sealing  the  cracks. 

When  inspected  in  October  1936,  the  section  was  in 
very  good  condition.  The  edges  were  unbroken  and 
showed  no  considerable  tendency  to  ravel  although  they 
were  not  well  supported  by  shoulder  material.  The 
surface  had  a  rather  mottled  appearance  but  it  was 
smooth,  very  dense,  and  had  a  nonskid,  coarse-grained 
texture  as  shown  in  figure  3-A.  The  general  appear- 
ance of  the  section  at  the  time  of  inspection  is  illustrated 
by  figure  3-B,  a  view  taken  near  the  west  end  of  the 
section. 

The  cost  of  constructing  this  section  was  66.12  cents 
per  square  yard  and  the  average  annual  cost  of  main- 
taining the  surface,,  including  base  repair  and  the  two 
re-treatments,  has  been  3.32  cents  per  square  yard. 

Experiment  1,  section  B,  stations  18  +  28  to  24+50. — 
The  method  of  construction  and  the  amounts  of  mate- 
rial per  square  yard  used  on  this  section  were  as  follows: 

Prime:  0.27  gallon  of  tar. 

Mix:   1.8    inches     thick    when    compacted;     156 

pounds    of    1%-    to    %-inch    crushed    stone,    37 

pounds  of  K  inch  to  dust,  and  1.03  gallons  of 

85-100  cut-back. 
Seal:  0.29  gallon  of  the  same  bituminous  material 

was   applied   and   covered   with    15   pounds   of 

%-  to  %-inch  stone  chips. 

This  was  the  first  section  constructed  and  was  neces- 
sarily quite  experimental  in  character  as  the  original 
plan  of  operations  did  not  specify  many  of  the  details 
of  construction. 

UNSATISFACTORY    BEHAVIOR    ATTRIBUTED    TO    POOR    DRAINAGE 

To  prevent  segregation  of  the  aggregate,  the  coarse 
material  was  first  spread  and  given  an  application  of 
bituminous  material.  The  finer  material  was  then 
spread  and  the  remainder  of  the  bituminous  material 


applied.  Mixing  was  begun  immediately  with  a  four- 
way  drag,  somewhat  lighter  and  smaller  than  those 
commonly  used  at  the  present  time.  The  results  ob- 
tained were  unsatisfactory,  so  blade  graders  were  sub- 
stituted and  no  further  difficulty  was  experienced.  No 
segregation  occurred  that  could  be  attributed  to  the 
grading  of  the  aggregate. 

Mixing  on  this  section  did  not  proceed  rapidly  and 
the  partly  mixed  materials  laid  in  a  windrow  over 
Sunday.  During  this  interval  some  stiffening  of  the 
cut-back  asphalt  occurred  with  the  result  that  some 
segregation  took  place  during  spreading  of  the  mixture 
so  that  the  center  7  or  8  feet  presented  a  more  open 
appearance  than  the  remainder  of  the  section.  As  with 
section  A  of  this  experiment,  it  had  not  been  expected 
that  this  section  would  require  a  seal.  However,  after 
about  3  weeks  under  traffic,  the  larger  stone  began  to 
ravel  in  numerous  places  and  a  seal  coat  was  applied. 


B 

Figure  3. — Appearance  of  Experiment  1A  in  October  1936. 

A,  Close-Up  View  Showing  Non-Skid  Surface  Texture; 

B,  General  Appearance  of  Section.     Note  Even  Edges, 
Despite  Lack  of  Protection  by  Shoulders. 

Although  nearly  identical  with  experiment  1A  in 
construction  and  in  composition,  except  for  the  pene- 
tration of  the  base  asphalt  in  the  cut-back,  section  B 
was  decidedly  less  satisfactory  in  service.  In  addition 
to  the  routine  maintenance  required  to  seal  cracks  and 
to  prevent  raveling,  considerable  maintenance  was 
required  near  the  west  end  where  very  unfavorable 
drainage  conditions  existed.  At  this  location  the  right- 
of-way  is  little  wider  than  the  treated  surface,  with 
store  buildings  at  the  right-of-way  line.  Natural  drain- 
age is  poor  and  open  drainage  is  not  practical.  French 
drains  were  installed  but  did  not  aid  materially  in 
lowering  the  water  table.  Attempts  to  stabilize  the 
marl  base  by  scarifying  the  base  and  surface  mats  and 
mixing  them  together,  and  also  by  adding  coarse 
aggregate,  were  of  only  temporary  benefit. 
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Figure  1  shows  that  the  section,  excepting  the  west 
portion,  has  received  only  two  re-treatments,  and  the 
west  portion  has  been  re-treated  four  times  and  vir- 
tually reconstructed  twice.  When  inspected  in  October 
1930,  the  section,  with  the  exception  of  the  west  200 
feet,  closely  resembled  section  A  in  appearance  and 
condition.  The  west  200  feet  were  badly  cracked  as  a 
result  of  the  moisture  conditions  already  described. 
This  part  of  the  section  was  re-treated  later  in  October. 
By  March  1937,  cracks  had  reappeared  on  this  area  and 
by  July  the  west  50  feet  were  badly  cracked  and  the 
marl  base  was  exposed  in  places. 

The  cost  of  constructing  section  B  was  72.58  cents 
per  square  yard  and  the  average  annual  cost  of  main- 
tenance including  base  modification  and  re-treatments 
has  been  5.46  cents  per  square  yard. 

Experiment  2,  section  A,  stations  24-]- 50  to  89 -{-GO.2 — 
The  method  of  construction  and  the  amounts  of  material 
per  square  yard  used  on  this  section  were  as  follows: 

Prime:  0.31  gallon  of  tar. 

Mix:  2  inches  thick  when  compacted;  180  pounds 
of  IX-  to  %-inch  stone  and  0.69  gallon  of  85-100 
cut-back. 

Seal:  An  average  of  0.30  gallon  of  the  same  bitu- 
minous material  was  applied  and  covered  with 
an  average  of  18  pounds  of  %-  to  %-inch  stone 
chips.  This  section  was  sealed  in  two  separate 
portions. 

MOISTURE   PENETRATED   BITUMINOUS   MAT  DESPITE  SEAL   COAT 

It  was  expected  that  the  coarse-graded  aggregate  used 
in  this  section  would  produce  an  open  mat  and  that  a 
seal  would  be  necessary.  The  seal  was  applied  after 
the  mat  had  been  subjected  to  traffic  for  3  weeks.  On 
the  east  half  of  the  section  the  seal  was  constructed  by 
first  applying  the  bituminous  material  and  then  spread- 
ing the  cover  stone.  On  the  west  half,  a  part  of  the 
stone  was  spread  first  and  keyed  into  the  surface  by 
traffic,  after  which  the  seal  was  completed  as  on  the 
east  half. 

This  section  extends  through  the  business  portion  of 
Moncks  Corner  for  a  distance  of  approximately  1,000 
feet  and  consequently  is  subjected  to  more  severe  usage 
than  any  other  section  of  the  experimental  road. 

French  drains  were  installed  shortly  after  construc- 
tion of  the  surface  and  in  the  spring  test  holes  were  dug 
to  determine  the  moisture  conditions.  It  was  observed 
that  the  marl  base  was  damp  near  the  top,  but  was  dry 
lower  down,  indicating  that  the  moisture  had  percolated 
through  the  surface  in  spite  of  the  seal  coat. 

Maintenance  the  first  2  years  consisted  mainly  of 
skin  patching  to  seal  cracks  and  to  prevent  raveling 
resulting  from  surface  wear,  but  by  the  fall  of  1931  the 
entire  section  had  cracked  so  badly  as  to  warrant  a 
re-treatment  which  was  applied  in  November.  This 
re-treatment  apparently  left  the  section  in  good 
condition. 

Later,  however,  a  100-foot  section  near  the  west  end 
began  to  fail.  The  base  became  soft  and  spongy  in 
spite  of  the  French  drains  that  had  been  installed. 
The  bituminous  mat  cracked  badly  and  patches  placed 
to  seal  the  cracks  and  prevent  disintegration  of  the  mat 
repeatedly  failed  until  it  became  necessary  practically 
to  reconstruct  this  area.  In  August  1932,  the  marl 
base  and  bituminous  mat  were  scarified,  mixed  together, 

1  The  portion  between  stations  25+25  and  25+61  is  occupied  by  railway  tracks 
and  was  not  a  part  of  the  experimental  section. 


and  relaid  for  compaction  under  traffic.  In  September 
this  base  was  primed  and  a  surface  treatment  applied. 
Following  this  repair  only  a  moderate  amount  of 
routine  maintenance  was  required,  primarily  to  seal 
cracks  that  developed  on  the  end  and  central  portions 
and  that  became  more  pronounced  following  freezing 
and  thawing  weather  in  February  1934.  By  the  fall 
of  1935  the  entire  section,  excepting  about  300  feet  in 
the  center,  had  been  skin-patched  and  had  recracked  in 
so  many  areas  that  a  re-treatment  was  needed  to  seal 
all  cracks,  enliven  the  mat,  eliminate  worn  areas,  and 
provide  a  uniform  appearance. 


Figure  4. — Surface  Failure  on  Experiment  2A,  Photo- 
graphed in  October  1936. 

The  re-treatment  was  applied  to  the  entire  section  in 
September  1935  but,  after  about  3  months,  cracking 
again  started  and  increased  in  amount  and  intensity  so 
that  another  re-treatment  was  necessary.  An  inspec- 
tion of  the  section  made  in  October  1936,  prior  to 
applying  the  re-treatment,  showed  the  section  to  be  in 
poor  condition.  It  had  a  number  of  badly  broken  areas 
of  which  one  in  the  center  of  the  business  section  of 
town  was  the  worst.  The  mat  in  this  area  was  not 
merely  cracked  but  pieces  had  separated  from  each 
other  and  from  the  base.  Sand  had  been  washed  into 
the  cracks  so  that  each  piece  appeared  to  be  resting  on 
a  sand  cushion.  Figure  4  is  an  illustration  of  an  area 
in  this  condition.  Samples  were  taken  of  the  marl 
base  and  of  the  subgrade  and  their  analyses  are  given 
in  table  1  under  laboratory  Nos.  10133  and  10134, 
respectively.  The  subgrade  material  was  wet  and 
sticky  when  sampled. 

The  portion  of  the  section  not  cracked  in  the  manner 
just  described  was  in  good  condition.  It  had  a  smooth 
surface  and  appeared  structurally  sound.  The  re- 
treatment  applied  late  in  October  was  a  heavy  mixed- 
in-place  seal.  Prior  to  placing  this  treatment,  0.15 
gallon  of  85-100  cut-back  was  applied  to  the  mat 
surface  as  a  tack  coat  and  to  coat  the  sand  particles 
that  filled  some  of  the  cracks.  The  mixed-in-place  mat 
or  drag  seal  was  composed  of  0.45  gallon  of  cut-back 
asphalt  with  25  pounds  of  %-  to  %-inch  stone  and  25 
pounds  of  sand  per  square  yard.  As  a  protective 
measure  the  treated  portion  of  the  roadway  was 
widened  10  feet  on  each  side  through  the  business  sec- 
tion of  town  (between  stations  264-23  and  35  +  91). 
This  treatment  gave  the  section  a  smooth  and  uniform 
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appearance  and  very  little  maintenance  had  been 
required  on  it  up  to  July  1937,  the  end  of  the  period  of 
observation  reported  here. 

The  cost  of  constructing  this  section  was  70.34  cents 
per  square  yard  and  the  average  annual  cost  of  main- 
taining the  surface  has  been  6.29  cents  per  square  yard. 

Experiment  2,  section  B,  .stations  39-\-t)0  to  52-\-U0.- 
Tbe  method  of  construction  and  the  amounts  of  material 
per  square  yard  used  on  this  section  were  as  follows: 

Prime:  0.29  gallon  of  tar. 

Mix:  2  inches  thick  when  compacted;  175  pounds 

of  1/4-  to  /4-inch  crushed  stone  and  0.89  gallon  of 

25-35  viscosity  tar. 
Seal:  0.23  gallon  of  the  same  bituminous  material 

and  15  pounds  of  %-  to  %-inch  stone  chips. 

The  surface  of  the  mat  on  this  section,  like  that  of 
experiment  2A,  was  porous  and  open.  The  mat, 
however,  was  well  bonded  and  did  not  ravel  during  the 
2  months  it  was  subjected  to  traffic  before  the  seal  coat 
was  applied. 

CONSIDERABLE  MAINTENANCE  NEEDED  TO  SEAL  CRACKS 

In  the  spring  following  construction,  cracked  areas 
appeared  and  were  skin-patched  after  French  drains 
were  installed  below  the  marl  base.  Test  holes  showed 
the  bituminous  mat  to  be  rich  in  bitumen  and  to 
appear  well  sealed  although  water  was  observed  below 
the  mat  and  the  marl  base  was  damp  at  the  top.  By 
April  1930,  the  mat  on  the  west  500  feet  had  become 
wet,  spongy,  and  so  badly  cracked  that  it  disintegrated 
in  some  areas  and  was  removed  and  replaced  with 
premixed  material.  On  the  remainder  of  this  portion 
the  cracks  were  sealed.  With  the  advent  of  warm 
weather  many  of  the  cracks  that  had  been  observed 
elsewhere  on  the  section  earlier  sealed  themselves. 

The  entire  section  was  given  its  first  re-treatment, 
during  1931.  The  east  400  feet  were  re-treated  in 
June,  to  seal  the  excessive  amount  of  cracks  that  had 
appeared  in  that  area..  By  fall,  cracking  became  verj 
pronounced  on  the  remainder  of  the  section  and,  in 
addition,  the  mat  on  the  west  200  feet  began  to  dis- 
integrate as  a  result  of  the  spongy  condition  of  the  marl 
base.  Four  French  drains  were  installed  and  dis- 
integrated areas  totaling  approximately  300  square 
feet,  were  replaced  with  premixed  material. 

This  work  at  first  appeared  to  have  eliminated  an 
unsatisfactory  condition  so  the  section,  excepting  the 
east  400  feet,  was  re-treated  in  December.  However, 
by  the  following  spring  this  area,  at  the  west  end  was 
again  in  an  unsatisfactory  condition.  Cracks  appeared 
through  the  patches  placed  to  seal  them.  The  marl 
base  became  spongy  in  spite  of  the  four  French 
drains  placed  during  the  previous  fall.  Only  one  of  the 
four  drains  showed  indications  of  functioning.  Later 
in  the  summer  a  60-foot  section  near  the  west  end  was 
scarified.  The  marl  base  and  bituminous  mat  were 
mixed  together,  laid  down  as  a  new  base  and  allowed 
to  dry  and  compact  under  traffic.  A  new  mat  was 
placed  on  it  in  September.  This  reconstruction 
eliminated  the  instability  and  spongy  subgrade  condi- 
tion. The  east  400  feet,  re-treated  in  June,  had  re- 
mained in  good  condition. 

Although  cracks  appeared  throughout  the  section  at 
tunes,  many  of  them  closed  in  warm  weather  and  the 
remainder  were  sealed  by  skin-patching  as  they  occurred. 
The  placing  of  numerous  patches  had  gradually  pro- 
duced a  nonuniform  and  unsightly  mat,  whose  surface 
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was  not  very  smooth.  To  eliminate  such  conditions 
and  also  to  enliven  the  surface,  the  entire  section  was 
given  a  fairly  heavy  re-treatment  in  September  1935. 

Following  this  re-treatment  the  section  apparently 
remained  stable  throughout  except  for  small  cracks 
that  appeared.  Many  of  these  closed  in  warm  weather 
but  some  of  them  had  to  be  sealed.  "When  inspected  in 
October  1936,  the  section,  with  the  exception  of  the 
cast  200  feet,  appeared  to  be  in  good  condition.  A 
few  small  cracked  areas  were,  observed  as  well  as  some 
surface  roughness,  especially  near  the  west  end.  The 
east  200  feet  were  badly  cracked  and  this  portion  was 
given  a  heavy  re-treatment  on  October  30.  Following 
this  re-treatment  little  maintenance  was  required  other 
than  that  of  sealing  a  few  cracks  and  of  spreading  some 
additional  cover  stone  on  the  east  end  where  bleeding 
occurred  in  hot  weather. 

The  cost  of  constructing  this  section  was  79.40  cents 
per  square  yard  and  the  average  annual  cost  of  main- 
taining the  bituminous  mat,  including  the  base  recon- 
struction and  re-treatments,  was  7.15  cents  per  square 
yard. 

Experiment  2,  section.  C,  stations  52-\-00  to  G6-\-00. — 
The  method  of  construction  and  the  amounts  of  material 
per  square  yard  used  on  this  section  were  as  follows: 

Prime:  0.28  gallon  of  tar. 

Penetration  course:  2.3  inches  thick  when  com- 
pacted; 165  pounds  of  1%-  to  %-inch  stone,  37 
pounds  of  K-iuch  to  dust,  and  1.27  gallons  of 
asphalt  emulsion. 

Seal:  0.23  gallon  of  the  same  bituminous  material 
and  15  pounds  of  %-  to  K-inch  stone  chips. 

It  was  planned  originally  to  construct  this  section  in 
the  same  manner  as  the  two  preceding  sections  but  the 
producers  of  the  emulsion  objected  and  requested  that 
a  modified  type  of  penetration  construction  be  substi- 
tuted. The  construction  which  is  here  described  there- 
fore was  done,  under  their  direction  and  with  the  ap- 
proval of  their  representatives. 

BASE  FAILURE  CAUSED  HIGH   MAINTENANCE  COSTS 

The  screenings,  %-iuch  to  dust,  were  spread  uniformly 
to  a  depth  of  %  inch  upon  the  primed  marl  base.  The 
1/4-  to  /4-inch  aggregate  was  then  spread  uniformly, 
sprinkled  with  water,  and  thoroughly  rolled.  Emulsion 
was  then  applied  at  the  rate  of  0.44  gallon  per  square 
yard  and  a,  strip  I  loot  wide  along  each  edge  was  given 
an  additional  amount  of  emulsion.  Water  was  applied 
immediately  to  wash  the  emulsion  down  into  the 
screenings  and  the  surface  was  again  rolled  thoroughly. 
The  second  rolling  was  presumed  to  seat  the  coarse 
stone  in  the  mortar  of  emulsion  and  screenings  which 
would  be  forced  up  and  around  it.  However,  this  ex- 
pected action  did  not  occur.  Some  of  the  water  added 
to  wash  the  emulsion  down  drained  oil'  at  the  edges, 
carrying  an  undetermined  amount  of  emulsion  with  it. 
During  the  second  rolling  operation  8  pounds  of  %-  to 
/4-inch  stone  per  square  yard  were  scattered  over  the 
surface  and  rolled  into  the  surface  voids.  On  the  fol- 
lowing day  0.S3  gallon  of  emulsion  was  applied  and 
about  7  pounds  of  %-  to  %-inch  stone  per  square  yard 
were  spread  after  which  the  surface  was  thoroughly 
rolled. 

The  seal  was  applied  1  week  later,  after  the  surface 
had  been  swept  and  loose  or  raveled  areas  had  been 
patched.  The  treatment  consisted  of  an  application  of 
0.23  gallon  of  emulsion  and  15  pounds  of  %-  to  %-inch 
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stone  per  square  yard.  Inspection  showed  that  the 
first  application  of  emulsion  had  not  penetrated  the 
cushion  course  at  the  bottom  as  expected,  but,  to  a 
considerable  extent,  had  been  washed  away  by  the 
water. 

As  shown  in  figure  1  and  by  the  cost  data  in  table 
6,  this  section  required  a  greater  amount  of  maintenance 
than  any  other  section  and  was  the  least  satisfactory. 
The  section  lies  partly  in  cut  and  partly  on  the  highest 
fill  on  the  experimental  road.  Trouble  with  moisture 
and  failure  of  the  marl  base  were  experienced  on  this 
section  almost  from  the  start.  First  evidences  of  failure 
were  surface  cracks  and  sponginess  in  the  base,  es- 
pecially near  the  center  of  the  section  and  toward  the 
west  end  where  the  section  lies  on  a  fill. 

Surface  patching  was  first  done  to  seal  cracks  and 
prevent  disintegration.  By  June  1931,  however,  these 
two  areas  were  so  badly  cracked  and  disintegrated 
that  the  mat  was  scarified,  remixed  with  additional 
emulsion,  and  relaid.  A  seal  was  then  applied  to 
these  areas  and  also  to  the  east  400  feet  where 
surface  cracking  did  not  warrant  remixing.  In  the 
following  November,  the  entire  section,  excepting  the 
east  400  feet,  was  given  a  re-treatment.  One  month 
later  the  area  near  the  west  end  that  had  been  remixed 
in  June  was  given  an  additional  re-treatment. 

By  September  1932,  the  mat  on  a  260-foot  section 
near  the  center  had  become  so  badly  cracked  and  the 
base  appeared  so  unstable  that  reconstruction  was 
deemed  necessary.  The  marl  base  and  the  bituminous 
mat  were  scarified,  mixed  together,  and  relaid  as  a  new 
base,  which  was  then  primed  and  covered  with  a  heavy 
surface  treatment.  The  area  thus  reconstructed  in- 
cluded a  portion  of  one  of  the  areas  whose  mat  had 
been  remixed  in  1931.  In  September  1933  the  east 
400  feet  of  the  section  was  given  its  second  re-treatment 
and  two  years  later  the  remainder  of  the  section  was 
again  re-treated.  The  entire  section  was  again  re- 
treated in  October  1936. 

Figure  1  shows  that  the  entire  section  received  three 
re-treatments  in  addition  to  the  major  surface  and  base 
repairs  required  on  the  central  portion  and  on  an  area 
toward  the  west  end. 

FAULTY    CONSTRUCTION    METHODS    PARTLY    RESPONSIBLE    FOR 

FAILURE 

Prior  to  applying  the  re-treatment  late  in  October  of 
1936,  an  inspection  showed  the  east  one-third  of  the 
section  to  be  in  good  condition  and  to  appear  struc- 
turally sound.  Approximately  350  feet  adjoining  it  on 
the  west  were  badly  cracked  and  the  mat  appeared 
unstable.  At  the  location  examined,  the  mat  was  3 
inches  thick  but  could  be  readily  broken  apart  as  it 
had  little  bond.  Free  water  was  obseived  in  the 
bituminous  mat  and  some  of  the  aggregate  had  become 
uncoated.  The  area  in  question  was  on  a  slight  grade 
where  surface  drainage  was  good  and  the  location 
examined  was  but  5  feet  down-grade  from  an  inter- 
cepting lateral  French  drain.  Samples  of  the  marl 
base  and  of  the  subgrade  were  taken  at  this  point  and 
their  analyses  are  given  in  table  1  under  laboratory 
Nos.  10138  and  10139,  respectively.  The  marl  base 
was  l)'i  inches  thick  and  while  dense  in  appearance,  was 
somewhat  moist  at  the  bottom.  The  sand-clay  sub- 
grade  below  the  marl  base  was  wet. 

A  re-treatment  was  applied  October  30  and  31,  L936, 
to  the  entire  section  but.  by  the  following  July  the  mat 
had  cracked  badly  in  the  center  of  the  section  and  had 
begun   to   ravel.     Instability  of   the   marl   base   again 


developed  near  the  west  end  where  it  had  been  recon- 
structed in  1931.  It  is  anticipated  that  this  section 
very  shortly  will  have  to  be  entirely  reconstructed  by 
replacing  the  base  or  by  stabilizing  it  in  such  a  manner 
as  to  reduce  its  plastic  properties. 

The  cost  of  constructing  this  section  was  84.62  cents 
per  square  yard  and  the  average  annual  maintenance 
cost  was  13.40  cents  per  square  yard. 

The  high  maintenance  cost  of  this  section  can  be 
attributed  in  large  measure  to  the  unsatisfactory  char- 
acter of  the  marl  base  and  the  subgrade.  Data  shown 
in  table  1  indicate  that  the  base  on  this  section  possessed 
undesirable  characteristics  to  a  greater  degree  than  any 
of  the  other  marl  base  sections.  The  subgrade  had  the 
characteristics  of  soils  of  the  A-2  plastic  and  A-4  very 
plastic  groups  and  could  be  expected  to  be  very  unstable 
under  unfavorable  moisture  conditions. 

The  method  of  constructing  the  bituminous  mat, 
although  at  the  time  deemed  satisfactory  by  the  pro- 
ducers of  the  emulsion,  would  not  be  used  at  the  present 
time.  It  is  believed  that  the  use  of  water  to  wash  the 
emulsion  down  into  the  sand  cushion  was  a  mistake 
that  was  partially  responsible  for  the  excessive  mainte- 
nance required,  especially  during  the  early  life  of  this 
section. 

Experiment  8,  stations  79+20  to  92+40— The  method 
of  construction  and  the  amounts  of  material  per  square 
yard  used  on  this  section  were  as  follows: 

Prime:  0.30  gallon  of  tar. 

Mix:  1 .8  inches  thick  when  compacted ;  162  pounds 
of  %-  to  %-inch  stone  and  38  pounds  of  stone  %- 
inch  to  dust  with  1.19  gallons  of  85-100  cut-back. 

Seal:  None  required. 

This  section  was  constructed  in  the  same  manner  as 
experiments  1A  and  IB,  except  that  the  coarse  aggre- 
gate used  was  %  to  }4  inch  in  size.  Approximately  the 
same  percentage  of  fine  aggregate  was  used  with  this 
aggregate  as  had  been  used  with  the  larger  size  stone. 
The  resulting  mat  was  apparently  dense  and  well  closed 
so  that  a  seal  was  not  applied. 

EXPERIMENT  3  WAS  BEST  OF  THOSE  BUILT  ON  MARL  BASE 

Figure  1  and  table  6  show  this  experiment  to  have 
been  the  best  and  the  most  economical  to  maintain,  of 
the  sections  constructed  on  the  marl  base.  Prior  to 
the  re-treatment  in  1936  the  total  accumulated  mainte- 
nance cost  had  been  only  3  cents  per  square  yard. 
The  mat  on  this  section,  while  appearing  dry  most  of 
the  time,  remained  in  excellent  condition  up  to  the 
spring  of  1936.  The  surface  stayed  smooth  and  un- 
broken. The  mat  remained  dense  and  hard.  No 
raveling  occurred  although  a  few  cracks  appeared, 
some  of  which  closed  in  warm  weather  and  the  re- 
mainder of  which  were  sealed  with  bituminous  material. 

In  the  spring  of  1936,  following  a  fairly  severe  winter, 
cracks  in  the  surface  appeared  throughout  the  section. 
Skin-patching  and  sealing  were  not  always  effective  in 
eliminating  them.  The  section  continued  in  this  con- 
dition until  October  1936,  when  it  was  given  a  re- treat- 
ment, the  only  one  it  received. 

Prior  to  applying  the  re- treatment  a  fairly  close  exami- 
nation was  made  of  the  section.  It  was  noted  that  the 
mat  was  considerably  cracked  but  that  no  raveling  had 
occurred.  The  edges  were  in  good  condition  and  the 
surface  was  smooth.  No  base  settlement  was  observed. 
Samples  of  the  marl  base  and  of  the  subgrade  were  taken 
from  a  cracked  area  near  the  center.  At  this  location 
the  bituminous  mat  was  2  inches  thick  and  immedi- 
ately below  the  surface  appeared  lifeless  and  very  wet 
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with  some  of  the  aggregate  uncoated.  The  marl  base 
was  7  inches  thick  and  the  core  taken  at  this  location 
was  more  moist  at  the  bottom  than  at  the  top.  The 
subgrade  was  sand-clay  and  it  appeared  more  moist 
than  the  marl  base. 

The  analyses  of  the  marl  base  and  of  the  sand-clay 
subgrade  are  given  in  table  1  under  laboratory  Nos. 
10135  and  10136.  Another  area,  approximately  300  feet 
west  of  the  center,  was  also  examined.  There  the  bitu 
minous  mat  was  2  inches  thick,  free  from  cracks,  and 
was  live  and  sticky.  The  marl  base  was  10  inches  thick 
and  appeared  less  dense  than  the  base  at  the  location 
previously  examined .  The  subgrade  was  sand-clay  that 
apparently  contained  little  clay.  The  analysis  of  the 
marl  base  material  at  this  location  is  given  in  table  1 
under  laboratory  No.  10137. 

The  re-treatment  applied  the  last  of  October  193G 
was  rather  heavy,  consisting  of  0.58  gallon  of  85-100 
cut-back  with  25  pounds  of  %-  to  %-inch  stone  and  25 
pounds  of  sand  per  square  yard.  Following  this  re- 
treatment,  no  maintenance  was  required  and  at  the 
close  of  the  observation  period  (July  1937)  the  section 
had  a  good  appearance  and  seemed  to  be  in  excellent 
condition. 

The  cost  of  constructing  this  section  was  61.07  cents 
per  square  yard  and  average  annual  cost  of  maintaining 
the  bituminous  surface  was  2.24  cents  per  square  yard. 

Experiment  4,  stations  92+40  to  105+84. — The 
method  of  construction  and  the  amounts  of  material 
per  square  yard  used  on  this  section  were  as  follows: 

Prime:  0.26  gallon  of  tar. 

Mix:  1.8  inches  thick  when  compacted;  157  pounds 
of  %-  to  %-inch  stone,  and  0.72  gallon  of  85-100 
cut-back. 

Seal:  An  average  of  0.22  gallon  of  the  same  bitu- 
minous material  was  applied  and  covered  with 
15  pounds  of  %-  to  %-incb.  stone  chips. 

DENSE  SURFACE  OBTAINED  BY  APPLYING  SEAL  COAT 

This  section  was  similar  to  experiment  3  except  that 
it  contained  no  fine  material.  A  dense  surface  was 
obtained  by  applying  a  seal  coat  instead  of  by  mixing 
fine  material  in  the  mat. 

This  section,  with  two  areas  excepted,  has  been  fairly 
satisfactory.  The  areas  referred  to  were  the  east  400 
feet  and  a  small  area  near  the  center.  Surface  cracks 
appeared  at  tunes  on  all  parts  of  the  section  but  ravel- 
ing or  pot-holing  was  confined  mostly  to  the  two  areas 
mentioned.  Sealing  with  bituminous  materials  and 
warm  weather  eliminated  most  of  the  cracks.  On  the 
east  400  feet  a  re-treatment  became  necessary  by  the 
fall  of  1931  to  seal  the  cracks,  enrich  the  surface,  and 
eliminate  the  nonuniform  appearance  resulting  from 
the  patching  done  to  repair  small  pot-holed  areas. 

Near  the  center,  a  small  area  became  spongy  and 
cracked  badly  when  the  marl  base  softened.  On  this 
area  the  bituminous  mat  was  removed  and  the  marl 
base  was  allowed  to  dry.  A  French  drain  was  installed 
and  a  new  mat  of  premixed  material  was  placed.  The 
re-treatment  in  1931  and  the  base  treatment  just  de- 
scribed constituted  the  major  repairs  required  up  to 
the  early  summer  of  1934  when  a  spongy  area  of  ap- 
proximately 4  square  yards  developed.  The  marl  base 
and  mat  on  this  area  were  scarified,  mixed  together, 
and  relaid.  After  this  new  base  had  become  dry  and 
compacted,  a  surface  of  premixed  material  was  placed. 

Cracking  continued  in  various  amounts  throughout 
the  section  as  did  a  slight  amount  of  pot-holing.    Skin- 


patching  and  small  premixed  patches  were  generally 
satisfactory  in  preventing  progressive  failures  but  the 
numerous  small  patches  reduced  the  smoothness  of  the 
surface  considerably.  To  repair  damaged  areas  and  at 
the  same  time  restore  surface  smoothness  and  uniform- 
ity, a  re-treatment  was  applied  to  the  entire  section  in 
September  1935.  Except  for  the  east  400  feet,  this 
was  the  only  re-treatment  applied  to  this  section  dur- 
ing the  period  of  observation.  During  the  winter  of 
1935-36  no  maintenance  was  required  on  the  section 
but  by  the  following  spring  some  cracks  appeared  and 
some  pot-holing  occurred  near  the  center  of  the  sec- 
tion. This  area  was  successfully  repaired  by  skin-patch- 
ing and  by  a  small  amount  of  patching  with  premixed 
material.  One  small  area,  however,  repeatedly  cracked 
where  the  marl  base  was  spongy  in  spite  of  the  French 
drain  that  had  been  installed. 

Except  for  this  small  area,  the  section  was  in  very 
good  condition  when  inspected  in  October  1936.  The 
surface  was  neither  lean  nor  dry  and  it  was  smooth 
although  somewhat  mottled  in  appearance.  The  small 
unsatisfactory  area  in  the  center  was  badly  cracked 
despite  the  numerous  patches  that  had  been  placed. 
It  was  apparent  that  replacement  of  the  marl  base  or 
stabilization  by  some  suitable  method  would  be  neces- 
sary permanently  to  correct  the  unsatisfactory  condi- 
tion. The  general  condition  of  the  section  at  the 
close  of  the  period  of  observation  was  good  except  for 
the  small  unsatisfactory  area. 

The  cost  of  constructing  this  section  was  55.46  cents 
per  square  yard  and  the  average  annual  cost  of  main- 
tenance was  3.06  cents  per  square  yard. 

Experiment  5,  stations  66  +  00  to  79+20.— The 
method  of  construction  and  the  amounts  of  material 
per  square  yard  used  on  this  section  were  as  follows: 

Prime:  0.33  gallon  of  tar. 

0.44   gallon  of  85-100   cut-back  was  applied  and 

covered  with  50  pounds  of  1%-  to  %-inch  crushed 

stone. 

BASE  MOVEMENT  ATTRIBUTED  TO  CONSOLIDATION 

Except  for  using  a  cut-back  asphalt  instead  of  the 
150-200  penetration,  hot-application  material  ordi- 
narily used,  this  section  was  constructed  by  the  surface- 
treatment  method  commonly  used  by  the  State  at 
that  time.  Following  the  application  of  the  cut-back 
asphalt,  the  1%-  to  %-inch  cover  stone  was  spread  by 
hand  from  small  stock  piles  previously  placed  at  either 
side  of  the  road.  After  the  stone  was  spread  and  hand- 
broomed  the  surface  was  rolled.  Traffic  was  not  per- 
mitted on  it  for  24  hours,  and  during  the  first  few  days 
in  service  the  stone  displaced  by  traffic  was  respread 
and  the  surface  was  rolled  intermittently. 

Some  patching  was  required  on  the  portion  of  the 
section  between  stations  66  +  00  and  73  +  40  shortly 
after  construction  and  this  area  was  re-treated  in 
November  1929.  The  treatment,  which  in  reality  was 
a  seal,  consisted  of  an  application  of  0.36  gallon  of 
85-100  cut-back  and  15  pounds  of  %-  to  %-inch  stone. 

During  the  next  2  years  maintenance  consisted 
mostly  of  sealing  cracks  and  patching  broken  areas  on 
the  west  half  that  had  not  been  sealed.  A  seal  was 
applied  to  this  portion  of  the  section  in  November 
1931. 

The  east  half  of  the  section  required  some  main- 
tenance to  seal  the  cracks  that  appeared  at  times. 
Sealing  was  generally  effective  for  a  considerable  period 
but  in  a  few  instances  cracks  reappeared  soon  as  a 
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result  of  movement  of  the  marl  base.  The  base  move- 
ment appeared  to  result  from  consolidation  rather 
than  from  instability  caused  by  detrimental  amounts 
of  moisture.  In  September  1933  cracking  of  the  surface 
had  become  extensive  on  the  east  portion  and  it  was 
re-treated.  The  west  portion  remained  in  good  condi- 
t  ion  and  was  not  re-treated  in  1933. 

The  entire  section  required  very  little  maintenance 
during  the  calendar  years  1934  and  1935.  The  cracks 
that  appeared  either  closed  in  warm  weather  or  were 
sealed  with  bituminous  material.  A  slight  amount  of 
raveling  occurred  along  the  edges  at  the  west  end  and 
repairs  were  made  by  placing  premixed  material. 

In  the  early  months  of  1936  cracks  appeared  through- 
out the  section  and  numerous  patches  were  required  to 
prevent  raveling.  It  was  apparent  that  a  re- treatment 
would  be  needed  shortly.  When  inspected  in  October, 
before  the  re-treatment  was  applied,  the  section  was 
considerably  cracked  but  was  not  raveling.  The  sur- 
face was  somewhat  rough  and  had  the  typically  dry, 
lean  appearance  of  a  bituminous  surface  in  need  of  a 
re-treatment. 

The  mat  and  foundation  were  examined  at  station 
68,  approximately  200  feet  from  the  east  end.  At  this 
location  the  bituminous  mat  was  1  to  1%  inches  thick 
and  appeared  to  contain  water.  The  tar  prime  had 
penetrated  }•>  to  %  inch  into  the  marl  base,  which  was 
(>}■>  inches  thick  at  this  point.  Below  the  marl  was  a 
yellow  sand  subgrade.  Directly  below  the  bituminous 
mat  at  the  point  of  examination  free  water  was  found 
at  a  depth  of  11  to  12  inches  from  the  road  surface. 
On  the  adjacent  shoulder,  however,  free  water  was 
found  29  inches  below  the  surface.  A  sample  of  the 
marl  base  was  taken  at  the  location  examined  and  its 
analysis  is  given  in  table  1  under  laboratory  No.  10140. 

The  re-treatment  applied  to  the  entire  section  later 
in  October  consisted  of  0.56  gallon  of  85-100  cut-back 
with  25  pounds  of  %-  to  %-inck  stone  and  25  pounds  of 
sand.  This  heavy  re-treatment  apparently  placed  the 
section  in  very  good  condition.  Cracking  and  raveling 
were  eliminated  and  surface  smoothness  was  restored. 
It  did  become  necessary,  however,  to  spread  small 
amounts  of  stone  on  the  surface  to  prevent  picking  up 
in  warm  weather.  Except  for  this  richness  the  section 
was  in  very  good  condition  at  the  close  of  the  obser- 
vation period,  July  1937. 

The  cost  of  constructing  this  section  was  28.47  cents 
per  square  yard  and  the  average  annual  cost  of  main- 
tenance was  5.13  cents  per  square  yard. 

PLASTIC   CHARACTER   OF   MARL   BASE   CAUSED   SURFACE   CRACKS 

In  reviewing  the  service  behavior  of  the  sections  on 
the  marl  base  a  number  of  facts  appear  to  merit  special 
comment.  The  most  prevalent  weakness  displayed  by 
the  sections  was  their  tendency  to  crack.  The  primary 
cause  of  cracking  was  the  plastic  character  of  the  marl 
base  and  the  fact  that  it  was  exceptionally  difficult  to 
drain  even  after  numerous  French  drains  had  been 
installed.  Leanness  of  the  mixed  mats  and  the  lack  of 
a  tightly  sealed  surface  on  some  of  the  sections  per- 
mitted the  entrance  of  moisture  from  the  surface, 
thereby  increasing  the  instability  of  the  marl  base. 

(■lacking  also  occurred  on  sections  where  there  ap- 
peared to  be  no  movement  that  indicated  a  lack  of  base 
stability.  Such  cracking  was  attributed  directly  to  the 
leanness  and  openness  of  the  bituminous  mat. 

All  of  the  sections  cracked  considerably,  but  this 
characteristic  was  less  pronounced  on  experiments  1A, 
IB,  and  3,  which  contained   fine  aggregate,   than  on 


experiments  2A,  2B,  and  4,  which  did  not  contain  such 
fine  material  but  which  were  sealed  in  lieu  of  using  fine 
aggregate  in  the  mix.  Raveling  did  not  become  es- 
pecially serious  at  any  time,  as  prompt  maintenance 
prevented  such  failures. 

Routine  surface  maintenance  was  generally  effective, 
but  where  the  defect  lay  in  the  base  the  only  remedy 
was  the  removal  of  the  base  and  replacement  with 
satisfactory  material. 

LITTLE  MAINTENANCE  REQUIRED  ON  EXPERIMENT  6A 

When  the  sand-clay  base  had  been  made  as  uniform 
and  compact  as  possible  under  the  conditions,  a  trian- 
gular trench  was  cut  on  each  side  to  provide  for  a  thick- 
ened edge  for  the  mat.  The  trench  was  approximately 
1  foot  wide,  and  4  inches  deep  on  the  outside  edge.  It 
was  cut  with  a  blade  machine  and  was  somewhat  irregu- 
lar in  shape.  Priming  was  beneficial  in  helping  to  bond 
the  surface  but  during  the  mixing  process  the  surface 
crust  was  considerably  disturbed  by  construction  equip- 
ment. Some  of  it  broke  up  and  was  brought  into  the 
mix  by  the  blade  machines.  Much  of  it  was  removed 
by  hand  before  the  mixes  were  placed.  Under  such 
circumstances  the  surface  condition  of  the  sand-clay 
base  would  obviously  be  quite  variable  when  the  mixed 
mats  were  completed  but  it  was  impracticable  to  deter- 
mine the  extent  of  such  variation. 

Experiment  6,  section  A,  stations  105-\-84  to  119+99- 
This    section    corresponds    to    experiment    1A.      The 
method  of  construction  and  the  amounts  of  material 
used  per  square  yard  were  as  follows: 

Prime:  0.33  gallon  of  tar. 

Mix:   2  inches  thick  when  compacted;  171  pounds 

of  V/\-  to  }4-inch  stone,  40  pounds  of  }i  inch  to 

dust,  and  1  gallon  of  60-70  cut-back. 
Seal:  0.34  gallon  of  85-100  cut-back  was  applied 

and  covered  with  15  pounds  of  %-  to  X-inch  stone 

chips. 

The  appearance  and  early  behavior  of  the  mat  ob- 
tained with  the  above  materials  was  very  similar  to 
that  on  experiment  lA,  the  corresponding  section  on 
the  marl  base.  The  surface  was  lean  and  open  and 
raveled  somewhat  immediately  after  construction.  A 
seal  treatment,  although  not  originally  planned  for  this 
section,  was  applied  1  month  after  constructing  the 
mixed  mat.  The  bituminous  material  used  in  the  seal 
was  an  85-  to  100-penetration  cut-back  asphalt  instead 
of  the  60-  to  70-penetration  material  originally  in- 
tended to  be  used. 

The  fact  that  the  maintenance  cost  of  this  section, 
exclusive  of  the  cost  of  the  1933  re-treatment,  totaled 
only  1.91  cents  per  square  yard  for  the  entire  period  of. 
observation,  best  indicates  the  satisfactory  service  be- 
havior of  this  section.  Only  a  slight  amount  of  mainte- 
nance was  required.  Shortly  after  construction,  a  few 
small  areas  had  to  be  built  up  with  premix  material  to 
prevent  water  from  collecting  in  low  spots  where  the 
sand-clay  base  had  settled  slightly.  A  few  cracks 
required  sealing  as  did  a  few  porous  surface  areas. 

In  the  fall  and  winter  of  1932  and  1933  quite  a,  num- 
ber of  cracks  appeared  along  the  edges,  especially  on  the 
low  side  of  a  curve.  They  were  sealed  by  skin-patching 
but  this  was  of  only  temporary  benefit  as  the  cracks 
reappeared  shortly.  By  the  fall  of  1933  it  was  apparent 
that  a  re-treatment  would  be  beneficial  in  enriching 
the  surface  to  eliminate  the  characteristically  lean  ap- 
pearance that  had  gradually  developed  and  to  seal  all 
cracks  and  leave  the  section  in  a  uniform  condition. 
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Figi  he  5. — General  Vn  r    oi 


the  East  Portion  of  Experiment  GA,  Which  Is  Typical  of  hie  Entire  Section 
Even  Edges  and  Uniform  Appearance. 
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The  re-treatment  was  applied  in  September  1933,  and 
was   the   only   one   this   section   received. 

When  inspected  in  October  1936,  the  section  was  in  ex- 
cellent condition,  probably  better  than  any  other  sect  ion. 
The  surface  was  smooth  and  free  from  cracked  or 
raveled  areas.  The  edges  were  in  very  good  condition 
and  there  were  no  ruts  or  other  surface  inequalities. 
Practically  no  maintenance  had  been  required  since  the 
1933  re-treatment  and  none  was  needed  at  the  time  of 
this  inspection.  Figure  5  shows  a  general  view  of  the 
east  end  of  the  section  and  figure  6  shows  the  texture 
of  the  mat.  The  analysis  of  the  section  of  the  mat 
illustrated  is  given  in  table  S. 

The  cost  of  constructing  this  section  was  72.53  cents 
per  square  yard  and  the  average  annual  cost  of  mainte- 
nance, including  the  re-treatment,  was  1.82  cents  per 
square  yard. 

Experiment  6,  section  B,  stations  119-\-99  to  132  +  00.- 
This  section  corresponds  to  experiment  1,  section  B. 
The  method  of  construction  and  the  amounts  of  mate- 
rial used  per  square  yard  were  as  follows: 

Prime:  0.39  gallon  of  tar. 

Mix:  2  inches  thick  when  compacted;  170  pounds 
of  IK-  to  K-inch  crushed  stone,  42  pounds  of 
%  inch  to  dust,  and  1.09  gallons  85-100  cut-hack. 

Seal:  0.23  gallon  of  the  same  bituminous  material 
and  15  pounds  of  %-  to  %-inch  stone  chips. 

Construction  of  the  bituminous  surface  on  this  sec- 
tion was  similar  to  that  on  experiment  IB,  the  corre- 
sponding section  on  the  marl  base.  After  the  mixture, 
had  been  spread  but  before  it  could  be  consolidated  by 
rolling,  a  heavy  rain  fell  that  soaked  the  mix  and  the 
base.  During  the  rolling  process  a  number  of  spongy 
areas   appeared   where   the   sand-clay   base   had    been 


Figure   G.     Appearance   of   a    Sample   of  the   Surface   of 
Experiment  GA  in  April  1937. 

softened.     These    areas    were    removed    and    replaced 
with  satisfactory  materials. 

The  seal  coat  was  not.  applied  until  the  section  had 
been  under  traffic  for  3  months.  During  this  period 
no  raveling  occurred  although  the  surface  appeared 
lean  and  open. 

maintenance  required  because  ok  hase  settlement 

The  service  behavior  of  this  section  has  been  very 
good  as  may  be  inferred  from  its  maintenance  cost 
which,  exclusive  of  the  re-treatment  applied  in  1931, 
totaled  only  5.61  cents  per  square  yard  for  the  period 
of  observation. 
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Table  8.  —  Analyses  of  samples  of  bituminous  mats,  taken,  7}4 
years  after  construction 


Section 

Section 

6A  (sta- 

Section 8 

Section  9 

10  (sta- 

tion 

(station 

(station 

tion 

119+76; 

225+78; 

238+52: 

199+44; 

6H  feet 

4  feet  left 

5  feet  left 

5  feet 

right  of 

of  center- 

of  center- 

right  of 

center- 

line) 

line) 

center- 

line) 

line) 

i  Jomposil  ion  ol  mat: 

(') 

(2) 

(2) 

n 

Bitumen I" 

5  G 

3.0 

3.7 

1  7 

Mechanical  analysis: 

Passing  H4,  retained  I  inch do.. .. 

1.9 

3   1 

Passing  1,  retained  34  inch...  .do 

5.8 

6.  7 

Passing  $i.  retained  Yi  inch do 

14.  1 

3.7 

6.  3 

s.  1 

Passing  ^4.  retained  H  inch do 

32.0 

38  3 

25.  0 

Passing  Vt,  retained  No.  10 do 

20  1 

27.2 

30.  0 

25.  5 

Passing  No.  10,  retained  No.  40.do 

11.6 

IS  2 

10.  1 

10  4 

Passing  No.  40,  retained  No.  80.  do 

5.2 

7.  1 

4.0 

6.9 

Passing  No.  80,  retained  No.  200 

do.... 

3.9 

4.8 

3.9 

5.6 

Passing  No.  203 do 

3.3 

3.4 

3.  1 

3.7 

Volatile  portion  of  bitumen  4 do 

.8 

.0 

.4 

.3 

Tests  on  extracted  bitumen  recovered  by 

the  Dow  method: 

Penetration  at  77°  F 

32 

35 

29 

-7 

Softening  point °  F._ 

151 

117 

154 

163 

Ductility  at  77°  F cm.. 

14 

15 

8 

5 

Organic    matter    insol.    in    86°    B. 

naphtha percent.. 

32.2 

29.4 

32.  2 

31.5 

i  Represents  original  mat  plus  1  re-treatment  (1933). 

2  Represents  original  mat. 

J  Represents  original  mat  plus  1  re-treatment  (1931). 

<  Determined  by  the  crank-case  dilution  method.  A,  S.  T.  M.  D322-35. 

Prior  to  November  1931,  maintenance  on  this  sec- 
tion consisted  of  sealing  surface  cracks  and  eliminating 
low  areas  by  patching.  All  of  this  maintenance  was 
required  because  of  base  settlement  that  might  be  more 
properly  termed  consolidation. 

The  only  re-treatment  this  section  received  was 
applied  in  November  1931,  to  eliminate  the  nonuniform 
appearance  that  gradually  developed  from  the  routine 
maintenance  applied  and  to  complete  in  one  operation 
all  necessary  maintenance.  After  this  re-treatment  was 
applied,  the  bituminous  surface  required  only  a  small 
amount  of  maintenance  in  1932  and  none  thereafter. 
In  October  1936,  5  years  after  the  re-treatment  had 
been  applied,  the  mat  appeared  stable  and  in  very  good 
condition,  although  it  was  neither  as  smooth  nor  as 
uniform  in  appearance  as  experiment  6A.  No  cracks 
were  observed  nor  had  raveling  occurred  although  in 
the  traffic  lanes  the  surface  was  somewhat  open  and 
ragged  in  appearance  where  some  of  the  cover  stone 
used  in  the  1931  re-treatment  had  been  whipped  from 
the  surface  shortly  after  the  re- treatment  was  applied. 
At  the  close  of  the  period  of  observation,  June  30,  1937, 
the  section  was  in  very  good  condition. 

The  cost  of  constructing  this  section  was  72.10  cents 
per  square  yard  and  the  average  annual  cost  of  mainte- 
nance, including  the  re-treatment,  was  1.95  cents  per 
square  yard. 

Experiment  7,  section,  A,  stations  132-\-00  to  l/^A-20. — 
This  section  corresponds  to  experiment  2 A.  The 
method  of  construction  and  the  amounts  of  material 
used  per  square  yard  were  as  follows: 

Prime:  0.29  gallon  of  tar. 

Mix:  2  inches  thick  when  compacted;  178  pounds 

of  1J+  to  %-inch  stone  and  0.77  gallon  of  85-100 

cut-back;  mixed,  shaped,  and  rolled. 
Seal:  0.27  gallon  of  the  same  bituminous  material 

was  applied  and  covered  with  18  pounds  of  %- 

to  %-incb  stone  chips. 

Rain  fell  on  this  section  about  the  time  that  the 
mixing  operation  was  completed  and  because  of  the 
openness  of  the  mixture,   readily  penetrated   to   the 


sand-clay  base.  Additional  manipulation  for  drying 
purposes  was  not  deemed  advisable  and  the  mixture 
was  spread  and  rolled.  After  rolling,  the  surface 
appeared  to  be  in  good  condition  except  for  the  mois- 
ture it  contained.  Traffic  was  not  permitted  on  the 
surface  until  it  had  dried.  The  seal  was  applied  about 
1  week  later  after  the  surface  had  been  choked  with 
small  stone  under  traffic.  A  few  days  after  the  section 
had  been  sealed  the  base  was  found  to  be  dry  and  the 
surface  apparently  well  sealed. 

The  behavior  of  this  section  was  similar  to  that  of 
experiment  6B  except  that  it  required  somewhat  more 
maintenance.  Base  settlement  necessitated  patching 
to  eliminate  numerous  small  low  areas.  Cracks  which 
appeared  most  extensively  at  the  west  end  were  sealed. 
To  reduce  the  routine  maintenance  being  required  and  to 
restore  surface  smoothness  and  uniformity,  the  section 
was  given  its  first  and  oidy  re-treatment  in  November 
1931.  In  the  following  5%  years,  practically  no  mainten- 
ance was  required  except  to  patch  and  seal  small  areas 
where  some  of  the  cover  stone  used  in  the  re-treatment 
had  been  whipped  from  the  surface.  When  examined 
in  October  193G,  the  section  was  in  very  good  condition, 
The  mat  appeared  stable  and  showed  no  evidence  of 
impending  failure.  The  surface  was  somewhat  open 
in  texture  in  spite  of  the  seal  and  re-treatment  it  had 
received.  On  the  east  50  feet,  where  equipment  had 
turned  during  construction,  the  surface  was  rough. 

The  cost  of  constructing  this  section  was  62.86  cents 
per  square  yard  and  the  average  annual  cost  of  mainte- 
nance, including  re-treatment,  was  2.62  cents  per 
square  yard. 

Experiment  7,  section  B,  stations  199A-70  to  212 
-\-90.- — This  section  corresponds  to  experiment  2B. 
The  method  of  construction  and  the  amounts  of  mate- 
rial used  per  square  yard  were  as  follows: 

Prime:  0.25  gallon  of  tar. 

Mix:  2  inches  thick  when  compacted;  169  pounds 
of  IX-  to  %-inch  crushed  stone  and  0.77  gallon 
of  25-35  viscosity  tar. 

Re-treatment:  Stations  206  +  50  to  212+90,  seal 
coat  applied,  using  0.42  gallon  of  the  same 
bituminous  material  and  15  pounds  of  %-  to 
X-inch  stone  chips.  Station  199  +  70  to  206  +  50, 
remixed  with  0.30  gallon  of  the  same  bituminous 
material.  Sealed  with  0.23  gallon  of  same 
bituminous  material  and  15  pounds  of  %-  to 
X-inch  stone  chips. 

INSUFFICIENT  TAR  IN  ORIGINAL  MIXTURE  MADE  SEAL  COAT 
NECESSARY 

This  section  was  planned  as  a  duplicate  of  experiment 
2B  on  the  marl  base  and  the  method  of  constructing 
the  mixed  mat  was  the  same.  However,  the  amount 
of  tar  used  was  about  10  percent  less.  This  difference 
was  sufficient  to  affect  seriously  the  richness  of  the 
mixture  which,  when  spread  and  rolled,  immediately 
began  to  ravel  under  traffic;  whereas  on  experiment 
2B  the  mat  was  well  bonded  and  did  not  ravel  during 
the  2  months  it  was  subjected  to  traffic  before  it  was 
sealed. 

Because  of  the  lateness  of  the  season  it  was  thought 
inadvisable  to  remix  this  section  with  additional  tar 
and  it  was  decided  to  compensate  for  this  deficiency 
by  placing  a  fairly  heavy  seal  coat.  Tar  was  applied 
at  the  rate  of  0.42  gallon  per  square  yard  and  covered 
with  %-  to  %-inch  stone  chips.  The  supply  of  tar  on 
hand  was  sufficient  for  sealing  only  the  west  640  feet; 
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and  by  the  time  additional  tar  was  received,  10  days 
later,  the  unsealed  portion  of  the  section  had  raveled 
so  badly  that  remixing  was  considered  necessary. 
Approximately  0.30  gallon  of  tar  was  added  and  the 
surface  was  remixed  and  relaid.  Two  months  later  a 
re-treatment,  which  was  in  effect  a  seal  coat,  was  applied 
to  this  portion  in  order  to  close  the  surface  and  prevent 
moisture  from  entering. 

This  section  has  been  more  expensive  to  maintain 
than  any  of  the  previously  discussed  sections  on  the 
sand-clay  base.  It  has,  however,  continued  in  reason- 
ably good  condition  at  all  times.  Because  of  leanness 
and  gradually  developing  brittleness,  raveling  did 
occur  on  the  section,  mostly  along  the  edges.  Through- 
out the  period  of  observation  the  surface  was  open  and 
appeared  rough  but  was  not  rough  riding.  Routine 
maintenance  prevented  the  small  amount  of  raveling 
from  developing  into  pot  holes  of  serious  proportions 
and,  while  the  section  most  of  the  time  appeared  to  be 
in  need  of  a  re-treatment,  none  was  actually  applied 
until  October  1936. 

Just  prior  to  applying  the  re-treatment  the  section 
was  in  fairly  good  condition.  The  mat  was  hard  and 
brittle.  Some  raveling  had  occurred  and  was  becoming 
more  pronounced.  Patching  had  been  required  on 
the  west  end,  especially  along  the  edges.  Many 
parts  of  the  section,  however,  were  in  very  good  condi- 
tion. The  surface,  while  dry  and  coarse-textured,  was 
well  bonded.  Figure  7  shows  the  condition  of  such 
an  area.  It  appeared  that  a  re-treatment  would  be 
beneficial  and  one  was  applied  late  in  October.  Follow- 
ing this  re-treatment  little  maintenance  was  required 
other  than  the  spreading  of  small  amounts  of  stone 
where  the  surface  became  somewhat  soft  in  hot  weather. 
At  the  end  of  the  period  of  observation  on  June  30, 
1937,  the  section  was  in  good  condition  and  the  surface 
had  a  smooth,  rich  appearance. 

The  cost  of  constructing  this  section  was  73.23  cents 
per  square  yard  and  the  average  annual  cost  of  mainte- 
nance, including  the  re-treatment,  was  3.47  cents  per 
square  yard. 

Exx>eriment  7,  section  C,  stations  144+20  to  158+40  — 
This  section  corresponds  to  experiment  2C.  The 
method  of  construction  and  the  amounts  of  material 
used  per  square  yard  were  as  follows: 

Prime:  0.34  gallon  of  tar. 

Penetration  course:  2.3  inches  thick  when  com- 
pacted; 1G5  pounds  of  1%-  to  %-inch  stone,  30 
pounds  of  K-inch  to  dust  and  1.11  gallons  of 
asphalt  emulsion. 

Seal:  0.25  gallon  of  the  same  bituminous  material 
and  15  pounds  of  %-  to  %-inch  stone  chips. 

This  section  was  constructed  by  the  penetration 
method  without  mixing.  Consequently  the  primed 
sand-clay  base  was  not  disturbed  in  any  way  by  the 
construction  of  the  mat. 

As  on  experiment  2C,  where  similar  materials  and 
methods  of  construction  were  used,  a  considerable 
amount  of  emulsion  was  carried  away  by  the  water 
used  to  wash  it  down  into  the  fine  stone  cushion.  The 
completed  mat  was  rough  and,  during  a  10-day  period 
under  traffic  before  sealing,  it  raveled  considerably. 
Before  the  seal  was  applied  raveled  areas  were  repaired 
and  depressions  were  filled  with  %-inch  stone  and  emul- 
sion. When  the  section  was  completed  it  was  found 
that  here  too,  as  on  experiment  2C,  the  emulsion  had 
not  penetrated  into  the  cushion  course  below  the  coarse 
aggregate. 
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Figure  7. — Close-Up  View  ok  the  Surface  of  Experiment 
7B.  Although  Home  Portions  Kaveled,  Other  Parts 
Retained  a  Closed,  Non-Skid  Surface. 

Some  early  maintenance  was  required  on  this  section 
to  eliminate  a  few  low  areas  produced  by  base  settle- 
ment. This  settlement  was  probably  consolidation 
rather  than  movement  resulting  from  loss  of  stability. 
Near  the  west  end,  in  the  vicinity  of  a  culvert,  small 
areas  repeatedly  cracked  and  broke  where  the  base  was 
somewhat  spongy.  French  drains  were  installed  and, 
when  the  base  had  dried,  premixed  patches  were  placed. 
This  work  constituted  practically  all  of  the  mainten- 
ance that  was  made  necessary  by  base  weakness. 

HIGH  MAINTENANCE  COST  ATTRIBUTED  TO  METHOD  OF 
CONSTRUCTION 

To  give  the  section  a  uniform  appearance  and  to  seal 
all  cracks  in  a  single  operation,  a  re-treatment  was  ap- 
plied to  the  entire  section  in  November  1931.  During 
the  application  of  the  emulsion  in  this  re-treatment,  the 
distributor  nozzles  became  clogged  and  failed  to  deliver 
the  emulsion  uniformly,  leaving  uncoated  streaks  2  to 
4  inches  wide  and  10  to  50  feet  long.  Hand-pouring 
of  emulsion  on  these  areas  did  not  provide  a  uniform 
cover  and  the  amount  of  stone  held  by  the  treatment 
was  consequently  somewhat  variable.  The  added 
emulsion  benefitted  the  surface,  however,  and  except 
for  the  loss  of  some  cover  stone  the  section  remained 
in  good  condition. 

Little  maintenance  was  required  after  the  1931 
re-treatment  and  consisted  mainly  in  ehminating  small 
pot  holes  resulting  from  the  loss  of  stone  used  in  the 
re-treatment.  No  further  trouble  was  encountered 
with  the  base  on  the  west  end.  Slight  amounts  of 
settlement  on  each  side  of  the  culvert  made  premixed 
patches  necessary  to  maintain  a  reasonably  smooth 
surface. 

By  the  fall  of  1936,  the  section  had  developed  a  lean, 
dry  appearance,  and  its  nonuniformity  made  a  re- 
treatment  desirable.  A  heavy  re-treatment  was  ap- 
plied to  the  entire  section  late  in  October  1936  and  left 
the  section  in  a  uniformly  good  condition.  In  the 
summer  following  this  re-treatment  it  became  neces- 
sary to  spread  small  amounts  of  stone  to  prevent  the 
surface  from  picking  up  in  hot  weather,  but  no  other 
maintenance  was  required.  At  the  close  of  the  period 
of  observation  the  section  was  in  a  uniformly  good  con- 
dition, the  surface  being  smooth  and  free  from  in 
larities. 
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The  cost  of  constructing  this  section  was  84.55  cents 
per  square  yard  and  the  average  annual  cost  of  main- 
tenance, including  the  two  re- treatments,  was  5.70 
cents  per  square  yard.  The  maintenance  cost  of  ex- 
periment 7C  was  relatively  high  in  comparison  with 
that  of  the  other  sections  built  OU  the  sand-clay  base. 
[Inlike  section  2C,  its  counterpart  on  the  marl  base, 
this  relatively  high  cost  could  nol  be  attributed,  to  any 
great   extent,  to  the  character  of  the  base  material. 

The  base  on  experiment  7(',  a  I  the  time  of  construc- 
tion, appeared  very  similar  to  that  of  the  adjoining 
experiments  7A  and  10  whose  bases  were  group  A  2 
and  A  3  materials.  The  high  maintenance  cost  of 
experiment  7C  is  therefore  believed  to  result  primarily 
from  the  method  of  construction  employed.  It  will  be 
noted  by  reference  to  table  6  that  the  maintenance 
costs  were  relatively  high  up  to  the  time  of  the  1931 
re-treatment  and  were  substantially  lower  after  that 
time.  Apparently  the  heavy  re-treatment  compen- 
sated for  the  lack  of  bituminous  material  resulting 
from  the  loss  incurred  during  construction. 

Experiment  S,  stations  212  +  90  to  226  +  10.— This  sec- 
tion corresponds  to  experiment  3.  The  method  of  con- 
struction and  the  amounts  of  material  used  per  square 
yard  were  as  follows: 

Prime:   0.26  gallon  of  tar. 

Mix:  1.8  inches  thick  when  compacted;  154  pounds 
of  %-  to  %-inch  stone,  38  pounds  %  inch  to  dust, 
and  1.25  gallons  of  85-100  cut-back. 

Seal:   None  required. 

The  sand-clay  base  on  this  section  was  very  non- 
uniform, and  under  traffic  compacted  into  strata  that 
scaled  considerably,  especially  along  the  edges.  The 
base,  when  primed,  had  a  very  ragged  appearance. 
During  the  mixing  operation,  rain  fell  on  this  section. 
The  mixture  was  windrowed  until  the  exposed  has."  and 
tin1,  mixture  had  dried.  When  mixing  had  been  com- 
pleted and  I  lie  mat  partially  rolled,  local  traffic  rutted 
the  surface  so  badly  that  the  mat  was  loosened,  re- 
mixed, and  relaid.  Although  the  mix  had  become 
somewhat  still',  because  of  loss  of  the.  volatile  poll  ion 
of  the  cut-back,  no  difficulty  was  encountered  in  ob- 
taining a  well-compacted  and  well-closed  mat.  A  seal 
was  not  considered  necessary. 

EXPERIMENTS  8  AND  11  HAD  LOW  MAINTENANCE  COSTS 

The  fact  that  the  total  maintenance  cost  of  this  sec- 
tion for  7%  years  was  only  1.20  cents  per  square  yard, 
and  that  it  is  still  in  excellent  condition,  indicates  I  he 
continued  satisfactory  service  behavior.  The  portion 
of  the  road  on  which  this  section  lies  is  flat  and  has 
poor  drainage,  but  the  base  has  remained  stable  ai  all 
times.  A  few  transverse  cracks  made  their  appearance 
after  a.  time  but  no  detrimental  effects  were  observed. 
In  the  spring  of  1934  an  examination  of  the  section 
showed  the  mat  to  be  ll/2  inches  thick  and  to  be  suffi- 
ciently rich  below  the  surface  although  the  surface  itself 
was  dry  and  hard.  The  sand-clay  base,  was  dry  and 
hard. 

When  inspected  in  October  1936,  the  section  was  in 
excellent  condition.  The  surface  was  smooth  and 
showed  no  defects  other  than  the  presence  of  a  lew 
longitudinal  and  transverse  cracks  as  previously  men- 
tioned. No  raveling  had  occurred  along  the  cracks  or 
on  any  other  area  of  the  section.  Figure  8  illustrates 
the  texture  and  condition  of  the  surface  and  also  shows 
a  side  view  of  the  mat.  The  analysis  of  the  mat  at 
the  location  illustrated  is  given  in  table  8.     No  expend- 


Figure  8. — Appearance  of  a  Sample  of  the  Surface  of 
Experiment  8.  The  Cracks  Shown  Were  Caused  by 
Handling  the  Sample. 

iture  for  maintenance  was  made  after  1932  and,  at 
the  close  of  the  period  of  observation  June  30,  1937,  no 
maintenance  was  needed. 

The  cost  of  constructing  this  section  was  59.53  cents 
per  square  yard  and  the  average  annual  cost  of  mainte- 
nance was  0.16  cent  per  square  yard. 

Experiment  9,  stations  226+10  to  238+80.-11x1$  sec- 
tion corresponds  with  experiment  4.  The  method  of 
construction  and  the  amounts  of  material  used  per 
square  yard  were  as  follows: 

Prime:  0.27  gallon  of  tar. 

Mix:   1.8  inches  thick  when  compacted;  152  pounds 

of  %-  to   K-inch  stone  and  0.77  gallon  85-100 

cut-back. 
Seal:  0.29  gallon  of  the  same  bituminous  material 

was  applied  and  covered  with  14  pounds  of  %-  to 

j4-inch  stone  chips. 

One  month  preceding  construction  of  the  bituminous 
surface  on  this  section,  the  sand-clay  base  was  scarified 
and  additional  clay  binder  added .  1 1  was  then  remixed, 
relaid,  and  opened  to  traffic  for  compaction.  When 
construction  of  the  surface  was  started  the  base  was  in 
fair  condition. 

The  bituminous  surface  was  the  same  as  that  on  ex- 
periment 4.  During  the  first  VA  months  under  traffic 
and  before  the  surface  was  sealed,  considerable  raveling 
occurred,  resulting  probably  from  the  lack  of  bituminous 
binder  and  of  sufficient  fine  aggregate  to  provide  a  well- 
graded  mixture.  It  had  been  anticipated  that  a  seal 
coat  would  be  required  to  obtain  satisfactory  surface 
density. 

The  service  behavior  of  this  section,  like  that  of  ex 
periment  8,  is  best  indicated  by  its  low  maintenance 
cost  which,  for  the  7%-year  period,  totaled  only  2.92 
cents  per  square  yard.  No  re-treatments  were  applied 
to  the  section.  Shortly  after  construction  and  also  in 
the  fall  of  1932,  some  base  settlement  or  consolidation 
necessitated  the  placing  of  a  few  patches  to  maintain 
a  smooth  surface.  A  very  limited  amount  of  skin- 
patching  was  required  to  seal  small  cracks.  No  trans- 
verse cracks,  such  as  were  found  on  experiment  8,  ap- 
peared on  this  section.  The  surface  throughout  most 
of  the  7%  years  appeared  hard  and  dry  but  it  neither 
pot-holed  nor  raveled.  Practically  no  maintenance 
was  required  during  the  last  5  years  of  the  period 
covered  by  this  study. 
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When  inspected  in  October  1936,  the  section  was  in 
excellent  condition  and  was  very  similar  to  experiment 

8  in  appearance  except  that  there  were  no  transverse 
cracks.  Near  the  edges  there  were  light  streaks, 
caused  apparently  by  the  failure  of  the  end  nozzles  of 
the  distributor  to  deliver  sufficient  bituminous  material 
to  hold  all  of  the  cover  stone  used  in  the  seal  treatment. 
Aside  from  its  appearance  the  surface  has  been  very 
satisfactory.  Figure  9  shows  the  texture  and  condition 
of  the  surface.     The  analysis  of  the  mat  shown  in  figure 

9  is  given  in  table  8. 

The  cost  of  constructing  this  section  was  66.74  cents 
per  square  yard  and  the  average  annual  cost  of  main- 
tenance was  0.38  cent  per  square  yard. 

Experiment  10,  stations  158+40  to  199  +  70  (less  170 
feet). — This  section  corresponds  to  experiment  5.  The 
method  of  construction  and  the  amounts  of  material 
used  per  square  yard  were  as  follows: 

Prime:  0.29  gallon  of  tar. 

0.46  gallon  of  85-100  cut-back  and  52  pounds  of 

of  \){-  to  %-inch  crushed  stone. 
Re-treatment:  0.32  gallon  of  the  same  bituminous 

material  covered  with  the  loose  stone  that  had 

been  whipped  off  by  traffic,  plus  13  pounds  of 

%-  to  %-inch  crushed  stone. 

SAND-CLAY  BASE  GAVE  GOOD  SUPPORT  DESPITE  APPARENT  LACK 
OF  DRAINAGE 

The  sand-clay  base  on  this  section  was  very  non- 
uniform and  under  traffic  compacted  in  strata  that 
separated  when  the  base  was  swept  prior  to  applying 
the  prune.  Some  of  the  pruned  base  flaked  off  and  was 
removed  and  the  untreated  areas  of  base  exposed  were 
painted  with  cut-back.  The  cut-back  and  cover  stone 
were  then  spread  and  the  surface  was  rolled.  During 
the  rolling  operation  there  was  extensive  failure  of  the 
sand-clay  base.  On  many  areas  the  upper  portion  of 
the  base  broke  loose  and  worked  up  through  the  mat. 
Under  traffic  such  areas  quickly  disintegrated  and  the 
surface  was  whipped  off,  leaving  the  base  exposed.  It 
was  impractical  to  patch  the  numerous  areas  failing  in 
this  manner,  but  an  immediate  treatment  was  neces- 
sary. A  treatment  was  applied  consisting  of  an  appli- 
cation of  0.32  gallon  of  85-100  cut-back  and  a  cover  of 
approximately  38  pounds  of  stone,  part  of  which  was 
that  swept  from  the  surface  before  treatment  and  the 
remainder  was  new  stone  %  to  }{ inch  in  size. 
_  Despite  the  difficulties  encountered  during  construc- 
tion this  section  has  been  surprisingly  satisfactory  and 
economical. 

Since  the  bituminous  surface  was  not  constructed  by 
the  mixed-in-place  method,  it  was  expected  that  the 
irregular  contour  of  the  base  would  cause  some  surface 
unevenness.  Such  was  the  case  and  most  of  the  main- 
tenance applied  up  to  November  1931  consisted  of 
patching  thin  areas,  filling  depressions,  and  strength- 
ening the  edges. 

The  re-treatment  applied  in  November  1931  was 
practically  the  same  as  the  original  construction  except 
that  the  cover  stone  was  %  to  K  inch  in  size.  Following 
this  re-treatment  the  amount  of  maintenance  required 
up  to  the  close  of  the  period  of  observation  was  prac- 
tically negligible.  When  inspected  in  October  1936, 
5  years  after  the  re-treatment  had  been  applied,  the 
section  was  in  excellent  condition.  The  surface  was 
smooth  and  dense.  The  edges  were  sound  and  no 
evidence  of  cracking,  raveling,  or  other  defects,  was 
observed.     Figure   10  shows  the   texture  and  surface 


Figure  9. — Appearance  of  a  Sample  of  the  Surface  of 
Experiment  9.  The  Cracks  Shown  Were  Caused  by 
Handling  the  Sample. 
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Figure  10. — Appearance  of  a  Sample  of  the  Surface  of 
Experiment  10.  The  Cracks  Shown  Were  Caused  by 
Handling  the  Sample. 

appearance  of  a  typical  area  of  the  section.  The  analy- 
sis of  the  bituminous  mat  illustrated  is  given  in  table  8. 

The  cost  of  constructing  this  section  was  29.44  cents 
per  square  yard  and  the  average  annual  cost  of  main- 
tenance, including  the  re-treatment,  was  2.08  cents  per 
square  yard. 

In  reviewing  the  service  behavior  of  the  sections  on 
the  sand-clay  base,  probably  the  most  outstanding 
fact  was  the  excellent  behavior  of  the  sand-clay  base 
in  spite  of  an  apparent  lack  of  drainage  since  at  the  time 
of  construction  the  sand-clay  material  was  believed  to 
be  of  inferior  quality.  No  trouble  was  experienced 
because  of  moisture  reaching  the  base  and  there  was  no 
reason  to  believe  that  the  surfaces  were  more  water- 
proof than  were  their  counterparts  on  the  marl  base. 
The  small  amount  of  cracking  that  occurred  on  the 
sand-clay  sections  appeared  to  be  caused  in  practically 
all  instances  by  base  settlement  and  compaction  rather 
than  by  softening  and  loss  of  supporting  power.  Re- 
peated maintenance  of  a  given  area  was  required  only 
on  experiment  7C,  where  the  subgrade  was  unstable. 
Even  at  this  location  when  the  base  was  exposed  and 
allowed  to  dry  it  acquired  adequate  stability  and 
remained  stable  thereafter. 
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At  the  close  of  the  period  of  observation,  all  of  the 
sections  were  in  good  condition  and  gave  every  indica- 
tion of  long  continued  good  behavior. 

INFORMATION  OBTAINED  ALREADY  PUT  TO  PRACTICAL  USE 

As  stated  hi  the  original  construction  report  and  ear- 
lier in  this  report,  the  purpose  of  this  experiment  was 
to  obtain  information  on  a  number  of  subjects  of  con- 
siderable importance  in  low-cost  bituminous  road 
construction  among  which  were: 

1.  Information  on  the  suitability  of  a  local  marl  and 
a  local  sand-clay  as  base  materials  for  bituminous 
surfaces. 

2.  The  comparative  value  of  various  types  of  liquid 
bituminous  materials. 

3.  The  relative  merits  of  variously  graded  aggregates. 

4.  The  comparison  of  bituminous  wearing  surfaces 
produced  by  different  methods  of  construction. 

Since  this  experimental  road  was  built,  many  hun- 
dreds of  miles  of  bituminous  surfaces  have  been  built. 
All  of  the  materials  used  in  this  road  and  most  of  the 
methods  used  are  still  employed  in  constructing  bitumi- 
nous surfaces.  The  successful  results  that  are  being 
obtained  at  the  present  time  are  based  upon  experience 
gained  on  previous  construction  as  well  as  on  the  more 
carefully  controlled  and  observed  experimental  section 
such  as  herein  decribed. 

Obviously  the  application  of  results  obtained  from 
experimental  sections  of  this  character  must  of  necessity 
take  place  in  advance  of  the  time  of  publishing  a  report 
that  covers  a  service  behavior  record  for  any  extended 
period  of  time.  For  this  reason  most  of  the  information 
developed  by  this  experiment  has  already  been  put  to 
practical  use.  However,  the  fact  that  the  work  has 
been  closely  observed  and  cost  records  carefully  kept 
for  8  years  and  that  it  is  still  in  service  makes  it  of 
interest. 

Discussion  must  obviously  be  confined  to  the  experi- 
mental sections  and  any  conclusions  drawn  or  assump- 
tions made  would  not  necessarily  be  applicable  to  other 
sections  that  might,  upon  superficial  examination, 
appear  to  be  the  same  but  which,  in  reality,  might  be 
widely  different. 

The  fact  that  one  of  the  subjects  upon  which  informa- 
tion was  sought  in  this  experiment  was  the  use  of  marl 
and  sand-clay  as  base  materials  indicated  the  realization 
of  the  importance  of  bases  for  flexible  pavements.  As 
previously  mentioned,  the  varied  degrees  of  success  that 
had  been  obtained  with  sand-clay  were  almost  as 
numerous  as  were  the  various  possible  combinations  of 
it.  Little  knowledge  of  the  characteristics  that  affected 
its  road-building  properties  was  available  and  the  only 
method  of  determining  its  suitability  was  by  the  rela- 
tively costly  method  of  constructing  an  experimental 
road.  Marl  was  used  because  it  was  available  locally 
and  because  of  its  successful  use  in  neighboring  States. 
At  the  time  the  bituminous  wearing  surfaces  were  con- 
structed the  marl  base  appeared  to  be  in  excellent 
condition.  Its  surface  was  hard  and  smooth  and  ap- 
parently was  not  affected  by  occasional  rains.  Its 
behavior  as  an  untreated  surface  gave  no  indication  of 
the  properties  that  were  to  result  later  in  unsatisfactory 
behavior. 

The  sand-clay  base,  on  the  other  hand,  appeared  to 
be  in  only  fair  condition  when  the  bituminous  treat- 
ments were  applied.  In  spite  of  the  blading,  mixing, 
and  shaping  that  was  done  on  numerous  occasions,  it 
appeared  impossible  to  obtain  a  uniform,  well-compacted 


base  that  would  remain  undisturbed  by  traffic  until 
it  was  protected  by  the  bituminous  wearing  surface. 
Here,  too,  the  properties  that  were  to  affect  its  service 
behavior  were  not  recognized,  solely  because  of  the 
fact  that  soil-study  methods  had  not  reached  their 
present  stage  of  development.  Table  1 ,  which  gives  the 
properties  of  the  soil  comprising  the  sand-clay,  the 
marl,  and  the  sub-base  under  the  marl,  shows  that  those 
properties  of  the  sand-clay  that  made  it  rather  difficult 
to  place  and  compact  were  very  desirable  characteristics 
so  far  as  concerns  the  influence  of  moisture  upon  it;  and 
that  instead  of  being  an  inferior  base  material  it  was, 
except  for  lack  of  uniformity,  an  excellent  one  generally 
and  its  service  behavior  could  have  been  anticipated 
had  its  characteristics  been  better  understood. 

MOISTURE  BENEFITED  SAND-CLAY  BASES.  HARMED  MARL  BASES 

It  will  be  observed  that  the  sand-clay  as  represented 
by  19  tests  had  the  characteristics  of  soil  groups  A-l, 
A-2,  and  A-3,  and  that  in  only  one  instance  was  it 
shown  to  have  plastic  properties  sufficient  to  indicate 
possible  unsatisfactory  behavior  in  the  presence  of 
moisture.  The  marl,  as  represented  by  six  tests,  is 
shown  to  possess  the  characteristics  of  soils  of  the  A-2 
plastic,  A-4,  and  A-5  groups,  and  consequently  was 
adversely  affected  by  moisture.  In  addition,  group  5 
soils  possess  undesirable  elastic  properties. 

During  the  periods  in  which  the  marl  and  the  sand- 
clay  served  as  wearing  surfaces  the  marl  was  decidedly 
more  satisfactory  than  the  sand-clay,  but  after  the 
bituminous  surfaces  had  been  placed  and  the  moisture 
content  had  increased  there  was  an  immediate  reversal 
of  behavior.  The  sand-clay  base  was  benefited  by  the 
increase  in  moisture  while  the  marl  was  detrimentally 
affected.  Further  reference  to  the  analysis  of  the 
material  underlying  the  marl  shows  that  this  material, 
in  four  out  of  seven  instances,  could  have  been  expected 
to  serve  more  satisfactorily  as  base  material  than  the 
marl  itself  and  in  only  one  instance,  judged  by  its 
analysis,  would  it  have  been  expected  to  be  much  less 
satisfactory. 

The  better  behavior  of  the  bases  of  experiments  3 
and  4  might  be  expected  to  have  resulted  from  the  bet- 
ter sub-base  under  the  marl  and  the  satisfactory  behav- 
ior of  the  bases  of  experiments  1A  and  IB  might  be 
expected  to  have  resulted  from  the  construction  of  the 
deep  side  ditches  that  apparently  were  of  considerable 
benefit  to  the  plastic  and  feebly  plastic  A-2  soil  sub- 
base.  The  side  drainage  on  the  sand-clay  base  sections 
was  not  as  ample  as  that  on  the  marl  base,  and  experi- 
ments 8  and  9  especially  had  practically  no  drainage. 
The  characteristics  of  the  soil  composing  the  sand-clay 
indicated  that  drainage  was  not  so  vitally  important 
and  its  service  record  substantiates  the  prediction  that 
soils  of  this  character  would  be  stable  even  under  rather 
unsatisfactory  moisture  conditions.  It  appears  to  have 
been  definitely  demonstrated  by  this  experiment,  there- 
fore, that  local  designations  for  soils  or  chemical  analyses 
of  them  alone  are  of  little  value  in  anticipating  probable 
service  behavior.  The  present  method  of  determining 
the  grading  and  physical  properties  of  soils  seems,  in 
general,  to  provide  the  most  reliable  information  thus 
far  developed  upon  which  probable  service  behavior 
can  be  predicted  with  reasonable  accuracy. 

This  is  further  confirmed  by  the  results  of  a  study  3 
conducted  later  by  the  Bureau  of  Public  Roads  on 

s  Road-Building  Limerocks,  by  R.  C.  Thoreen,  Public  Roads,  Vol.  16,  No.  8, 
October  1935. 
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Table  9. — Analyses  of  limerocks  or  marls  used  in  base  construction  in  Alabama,  Florida,  and  Georgia  and  on  the  experimental  sections 


Chemical  composition: 

Silica,  alumina,  and  iron  oxide.. percent.. 

Calcium  carbonate do 

Magnesium  carbonate do 

Soil  test  constants: 

Liquid  limit 

Plasticity  index 

Shrinkage  limit 

Shrinkage  ratio 

Centrifuge  moisture  equivalent 

Field  moisture  equivalent 

Other  physical  tests: 

Cementing  value - 


Identification  and  service  behavior 


Group  l,i  excellent 


Average         Range 


0.78 
98.3 

.so 

21 

n 
25 
1.6 

17 

I'.i 

20 


0.40-  1.35 

117   S   -  9S  7 
.76-    .87 

17  -26 
0 
21  -35 
1.4  -  1.7 
14  -23 
16      -24 


II 


-53 


Group  2,i  good 


Average         Range 


7.82 
91.1 
.74 

20 

4 
20 

1.7 
16 
19 

83 


3.  5  -  11.1 
87.  5  -  96. 1 
. 61-      . 87 


-  23 

-  6 

-  25 

-  1.1 

-  20 

-  22 


50      -110 


Group  3,1  fair 


Average 


1.67 
97.1 


24 

4 
25 

1.6 
23 
24 

.07 


Range 


0.35-    3.20 
95.  3  -  98.  8 
.76-    1.51 


20 

0 
22 

1.5 
19 
21 

11 


-  .'7 

-  7 

-  29 

-  1.7 

-  30 
30 

168 


Group  4,i  poor 


Average 


is 
li 

21 

1. 

25 

21 

ISO 


6.65-  10.0 

87.  7  -  91.  6 

.  68-     1.  44 

23      -  34 
8      -  17 

16  -  24 
1.6-     1.8 

18      -  31 

17  -  24 

67      -387 


Experimental  sections  * 
mostly  poor 


Average 


as 

9 

30 

1.4 
23 

;i 


10.4  -  14.6 
83. 9  -  86. 9 
1.33-  1.65 


;;i; 

5 
27 

1. 
19 


-  41 

-  17 

-  32 

-  1. 

-  29 

-  42 


133   -500+ 


From  Road-Building  Limerocks,  by  R.  C.  Thoreen,  public  roads,  October  1935. 
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road-building  limerocks,  which  include  marls.  This 
study  was  made  to  correlate  test  analyses  with  service 
behavior.  The  materials  studied  were  those  actually 
used  in  base  construction  in  Florida,  Georgia,  and 
Alabama.  The  test  results  are  summarized  in  table  9 
and  are  grouped  according  to  the  service  behavior  of 
the  materials  studied.  For  convenience  of  comparison, 
the  analyses  of  the  marl  on  the  experimental  sections 
are  also  included  in  this  table. 

NO  FAILURES  COULD  BE  ATTRIBUTED  TO  IMPROPER  GRADING 

The  differences  in  the  characteristics  of  the  bitumi- 
nous materials  used  on  these  sections  were  not  reflected 
in  their  service  behavior.  The  weaknesses  that  devel- 
oped in  the  bituminous  mats  resulted  primarily  from 
unsatisfactory  base  conditions  and  the  use  of  a  rela- 
tively low  percentage  of  bituminous  material  rather 
than  from  the  type  of  bituminous  material  used.  All 
of  the  mats  were  relatively  lean  and  as  a  result  were 
too  rigid  to  adjust  themselves  to  any  appreciable  base 
movement  without  cracking. 

Moisture  also  had  a  deterimental  effect  on  the  lean 
mixtures.  Had  a  greater  amount  of  bituminous  mate- 
tial  been  used  it  is  very  probable  that  the  amount  of 
cracking  would  have  been  greatly  reduced.  Raveling 
may  follow  cracking  or  may  occur  independently  of  it 
when  the  percentage  of  bituminous  material  is  low  or 
when  the  bituminous  residue  has  hardened  as  a  result  of 
weathering.  However,  on  this  project,  raveling  was 
not  extensive  because  of  the  prompt  and  continued 
maintenance'.  On  experiment  7B,  the  tar  section  on 
the  sand-clay  base,  a  small  amount  of  raveling  occurred 
although  it  was  not  extensive  enough  to  warrant  a 
re-treatment  until  1936.  On  experiment  2B,  the  corre- 
sponding section  on  the  marl  base,  raveling  was  more 
pronounced.  On  this  section  the  base  movement  and 
moisture  caused  a  considerable  amount  of  cracking  that 
resulted  in  raveling  in  spite  of  maintenance. 

No  difference  in  behavior  was  observed  that  could  be 
attributed  to  the  penetration  of  the  base  asphalts  used 
in  the  cut-back  materials.  The  nonuniform  appearance 
of  experiment  7C,  in  which  an  emulsion  was  used, 
resulted  from  the  mechanical  difficulty  encountered  in 
applying  the  emulsion  with  the  equipment  available 
rather  than  from  the  character  of  the  emulsion. 

The  viscosities  of  the  materials  used  in  mixing  and  in 
the  seal  and  surface  treatments  were  relatively  low  in 
comparison  with  those  now  generally  considered  suit- 
able for  these  purposes.     The  initial  viscosity  greatly 


influences  the  amount  of  bituminous  material  that  will 
be  retained  by  the  aggregate,  and  it  is  problematical 
whether  additional  bituminous  material  of  as  low  vis- 
cosity as  that  originally  used  with  the  relatively  open 
stone  mixes  would  have  produced  a  less  rigid  mat. 
It  is  probable  that  increasing  the  percentage  of  bitumi- 
nous material  would  have  resulted  in  a  nonuniform 
mat  with  the  bottom  portion  being  excessively  rich, 
unless  the  bituminous  material  was  added  in  increments 
with  manipulation  and  drying  periods  following  each 
application.  With  such  a  procedure,  however,  there  is 
considerable  likelihood  that  excessive  segregation  of 
particles  would  occur. 

The  use  of  a  higher  viscosity  material  and  a  greater 
percentage  of  it  might  have  provided  a  bituminous  mat 
that  would  have  been  less  susceptible  to  cracking  or  to 
raveling  and  that  would  have  been  more  resistant  to 
the  effect  of  moisture.  This  would  have  been  particu- 
larly beneficial  for  the  sections  constructed  on  the  marl 
base.  The  service  record  and  maintenance  costs  of  the 
sections  on  the  sand-clay  base  indicate  that  their  design 
was  satisfactory  for  the  existing  conditions. 

One  of  the  purposes  of  the  experiment  was  to  obtain 
information  on  the  effect  of  the  size  and  grading  of  the 
aggregate.  Information  was  desired  on  the  value  of 
relatively  dense-graded  aggregate  as  compared  with  a 
more  open  grading  and  also  upon  the  merits  of  various 
maximum-size  aggregates.  As  shown  in  the  report, 
aggregates  graded  from  1  %  to  %  inch  and  from  %  to  %  inch 
were  used  with  and  without  finer  material  added.  It 
was  expected  that  where  material  from  %  inch  to  dust 
was  used  in  the  mix  the  mat  would  be  sufficiently  dense 
as  not  to  require  a  seal  but  that  where  such  material 
was  not  used  a  seal  would  be  required. 

Approximately  20  percent  of  material  from  %  inch  to 
dust  was  used  with  both  the  1%  to  %  inch  and  the  %- 
to  K-inch  aggregates.  It  was  observed  during  con- 
struction that  the  resulting  mixtures  were  harsh  and 
apparently  would  have  been  benefited  had  the  per- 
centage of  finer  material  been  increased.  This  was  es- 
pecially noticeable  where  the  maximum-size  aggregate 
was  Wi  inches.  Because  wide  differences  of  opinion 
still  exist  regarding  the  grading  of  aggregates  and 
successful  performance  has  been  obtained  with  a  wide 
variety  of  gradings,  it  could  hardly  be  said  that  better 
results  would  have  been  obtained  had  the  gradings  been 
changed,  especially  since  the  service  behavior  gave  no 
indication  of  failures  resulting  from  improper  grading. 
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AGGREGATE  GRADINGS  COMPARED  WITH  FULLER'S  CURVES 

If  it  is  assumed  that  a  grading  conforming  substan- 
tially to  that  sometimes  referred  to  as  Fuller's  Ideal 
Grading  Curve  for  Maximum  Practical  Density  4  can 
be  satisfactorily  used  as  a  basis  of  comparison,  interest- 
ing information  is  developed  by  a  study  of  the  aggre- 
gates used  and  of  the  changes  in  grading  that  occurred 
in  service.  This  discussion  is  limited  to  a  consideration 
of  those  sections,  the  ultimate  grading  of  whose  aggre- 
gates was  determined  by  extraction  and  mechanical 
analysis  after  8  years  of  service.  For  convenience  the 
gradings  are  plotted  in  figures  11  and  12.  The  original 
gradings  are  based  upon  the  percentages  ami  gradings 
of  the  aggregates  used,  and  the  final  grading  is  the 
mechanical  analysis  of  the  aggregate  extracted  from 
mat  samples  taken  in  1937.  In  the  sample  taken  from 
experiment  GA  the  aggregate  is  the  composite  of  the 
coarse  and  fine  material  in  the  mix  and  the  %-  to  ^-inch 
aggregates  used  in  the  seal  and  in  the  1933  re-treat- 
ment. Experiments  8  and  9  were  not  re-treated,  con- 
sequently only  the  aggregate  placed  at  the  time  of 
construction  is  involved. 

The  use  of  approximately  20  percent  of  the  finer  ma- 
terial, graded  from  }{ inch  to  dust  with  the  \}{  to  %-ineh 

•  Concrete  Plain  and  Reinforced,  by  F.  W.  Taylor,  S.  E.  Thompson,  and  E.  Smul- 
ski.    John  Wiley  &  Souk,  New  York. 


aggregate  in  experiments  1  and  6,  produced  a  mixture 
that  was  apparently  not  dense  enough  to  permit 
omitting  the  seal  treatment.  It  was  originally  reported 
that  "at  least  30  percent  of  fines  would  have  been 
necessary  in  order  to  produce  a  surface  (density) 
similar  to  that  obtained  with  (aggregate  graded  from) 
%  inch  to  dust."  Considering  the  portion  retained  on 
the  %-inch  sieve  as  coarse  and  that  passing  it  as  fine 
material,  it  will  be  observed  from  the  grading  curve  for 
experiment  GA  in  figure  11  that  actually  28  percent  of 
fine  material  was  present  although  according  to  Fuller's 
curve  A,  40  to  45  percent  could  have  been  used.  Had 
30  percent  of  the  material  graded  from  }{  inch  to  dust 
been  used  as  suggested  in  the  original  report,  the  re- 
sulting grading  would  have  been  in  substantial  agree- 
ment with  that  given  by  Fuller's  curve. 

The  final  grading  of  the  aggregate  as  determined  by 
an  extraction  test  on  a  sample  taken  from  experiment 
6 A  in  1937  is  shown  in  figure  11.  As  will  be  noted,  the 
percentage  passing  any  given  rieve  has  greatly  increased 
indicating  that  a  considerable  amount  of  crushing  has 
occurred.  Since  practically  all  of  the  extracted  aggre- 
gate passed  the  1-inch  sieve,  Fuller's  curve  B,  for  1-incli 
maximum-size  aggregate,  is  more  applicable  for  com- 
parison. Therefore  using  curve  B  as  a  basis  for  com- 
parison, it  will  be  noted  that  as  a  result  of  the  crushing 
that  occurred  the  final  grading  has  more  nearly   ap- 
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Figure  12. — Comparison  of  Original  and  Final  Grading  of  Aggregates  Used  in  Experiments  8  and  9  With  Fuller's  Ideal 

Curve  for  Maximum  Practical  Density. 


proached  the  maximum  density  curve  especially  for  the 
^4-inch  and  smaller  sizes. 

On  experiments  3  and  8,  where  approximately  20  per- 
cent of  the  finer  material  was  used  with  %-  to  %-inch 
stone,  the  mixture  was  not  harsh  and  the  resulting  mat 
seemed  sufficiently  dense  as  not  to  require  a  seal.  It 
appeared  that  the  amount  of  finer  material  used  with 
the  smaller-sized  coarse  stone  was  much  more  nearly 
correct  than  that  used  with  the  1}{-  to  %-inch  stone  and 
the  grading  curves  in  figure  12  verify  this. 

FINDINGS  RELATIVE  TO  CHANGES  IN  GRADING 
SUMMARIZED 

Although  20  percent  of  fine  material  was  added  to 
both  the  %-  to  %-inch  and  the  1}{-  to  %-inch  stone,  the 
grading  of  the  %  inch  to  dust  material  actually  contained 
approximately  twice  as  much  material  passing  the 
K-inch  and  No.  10  sieves  as  did  the  combined  material 
graded  from  1%  inches  to  dust.  However,  since  the 
smaller  maximum-size  material  requires  increased 
amounts  of  finer  sizes  for  a  given  density  and  because 
the  %  inch  to  dust  material  was  in  effect  %  inch  to  dust 
originally,  it  is  apparent  by  reference  to  curve  B  in 
figure  12  that  the  percentages  of  material  passing  the 
%-incb  and  No.  10  sieves  should  have  been  64  and  40, 
respectively,  instead  of  53  and  26  percent,  the  com- 
bination actually  contained.  Moreover,  it  is  interest- 
ing to  note  that  a?  a  result  of  the  crushing  that  later 
occurred,  the  final  material  actually  contained  63  per- 
cent passing  the  %-vach  sieve  and  35  percent  passing  the 
No.  10  sieve. 


Grading  curves  for  the  aggregate  used  and  of  that 
extracted  from  the  mat  in  1937  from  experiment  9  also 
are  shown  in  figure  12.  On  this  section  the  %-  to  K-inch 
stone  in  the  mixed  mat  contained  no  fine  material,  as 
surface  density  was  to  have  been  obtained  by  the  seal 
treatment  in  which  %-  to  }4-inch  stone  chips  were  used. 
It  would  not  be  expected  that  the  original  grading 
would  conform  to  Fuller's  curve  and  it  will  be  noted 
that  it  was  practically  a  straight-line  grading  from 
1 -inch  to  the  No.  40  sieve.  Its  final  grading,  however, 
is  very  similar  to  Fuller's  curve  in  form  although  it  is 
deficient  in  all  sizes  smaller  than  %  inch.  The  differ- 
ence between  the  original  and  final  gradings,  which  is 
a  measure  of  the  crushing  that  occurred,  is  greater  on 
experiment  9  than  on  experiment  8.  The  increases  in 
percentages  passing  the  K-inch,  No.  10  and  No.  40 
sieves  are  14,  12,  and  12,  respectively,  for  experiment  9 
while  the  corresponding  percentages  for  experiment  8 
are  10,  9,  and  10.  Some  such  difference  might  be 
expected  in  view  of  the  fact  that  the  graded  mixture  in 
experiment  S  was  denser  initially  and  therefore  less 
susceptible  to  crushing. 

Corresponding  curves  for  the  aggregates  used  on  and 
extracted  from  the  surface  of  experiment  10,  which 
was  a  surface-treated  section,  are  shown  in  figure  11. 
The  aggregate  used  originally  contained  approximately 
the  same  percentage  of  material  passing  the  K-inch 
sieve  as  did  the  combined  aggregate  of  experiment  6A 
but  substantially  lesser  amounts  of  material  passing 
the  No.  10  and  No.  40  sieves.  After  8  years  in  service, 
however,  the  percentages  passing  the  K-inch,  No.   10 
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and  No.  40  sieves  had  increased  to  54,  28,  and  17  per- 
ent,  respectively,  as  compared  with  the  corresponding 
sizes  of  the  material  in  experiment  6 A  which  were  47, 
26,  and  13,  respectively.  Here  also,  as  on  experiment 
9,  considerably  more  crushing  occurred  than  on  the 
section  where  the  mat  was  more  dense  originally. 

Summarizing  the  findings  relative  to  the  changes  in 
grading  that  occurred,  the  following  facts  appear  to 
have  been  established: 

1.  Regardless  of  maximum  size  of  stone  used,  crush- 
ing was  more  pronounced  on  the  open  type  of  mat 
than  where  greater  density  was  provided  initially. 

2.  On  both  open  and  closed  types  of  mats,  crushing 
was  less  where  the  smaller  maximum-size  aggregate 
was  used. 

3.  For  all  gra dings  and  on  both  open  and  closed 
types,  crushing  tended  to  produce  increased  density 
and  the  resulting  grading  approached  that  of  Fuller's 
curve  for  maximum  practical  density. 

Visual  examination  of  the  mat  samples  taken  after 
8  years  in  service  showed  them  to  be  quite  similar  in 
appearance.  All  of  them  were  hard  and  dense  and 
well  bonded  despite  the  fact  that  the  surface  area  of 
the  aggregate  had  increased  greatly  because  of  the 
crushing  that  had  occurred.  The  mats  were  so  similar 
in  appearance  as  to  make  detection  of  the  method  of 
construction  used  impossible. 

Considering  the  character  of  the  mats  and  the  final 
gradings  attained,  it  appears  that  the  size  and  grading 
of  the  friable  granite  aggregate  used  on  this  project 
was  of  no  great  importance.  It  might  even  be  inferred 
that  crushing  not  only  was  not  detrimental  but  was 
beneficial  in  providing  greater  density  and  stability 
than  could  have  been  obtained  otherwise.  As  crushing 
occurred  there  was  a  corresponding  increase  in  density 
and  a  reduction  in  voids.  The  low  percentage  of 
bituminous  material  used  evidently  became  sufficient 
as  the  particles  were  brought  into  closer  contact  under 
the  action  of  traffic.  Had  crushing  not  occurred  it  is 
quite  likely  that  raveling  would  have  been  more  pro- 
nounced. 

With  an  aggregate  so  susceptible  to  crushing,  it  is 
quite  possible  that  if  a  greater  percentage  of  bituminous 
material  had  been  used  originally  the  mats  might 
eventually  have  become  too  rich  when  greater  density 
was  obtained.  This  may  explain  the  frequently 
observed  tendency  of  bituminous  mats  to  develop 
rich  or  fat  spots  after  a  considerable  period  of  satis- 
factory behavior. 

The  road-mix  and  inverted  penetration  methods  used 
on  this  work  are  in  common  use  at  the  present  time  and 
are  proving  very  satisfactory  where  the  materials  used 
have  been  properly  selected.  Direct  penetration  meth- 
ods are  also  being  used  satisfactorily  but  the  particular 
penetration  method  used  in  constructing  experiments 
2C  and  7C  would  not  now  be  considered  good  practice. 
Some  unsatisfactory  areas  developed  on  sections  con- 
structed by  each  of  the  three  methods  but  factors  other 
than  the  construction  method  used  were  responsible 
for  their  unsatisfactory  behavior,  except  that,  as  pre- 
viously noted,  the  penetration  method  used  on  experi- 
ments 2C  and  7C  is  believed  to  be  at  least  partially 
responsible  for  their  behavior. 

CONSTRUCTION  AND  MAINTENANCE  COSTS  GIVEN  FOR  EACH 
SECTION 

For  the  road-mix  type  of  construction,  densely 
graded  aggregates,  especially  those  containing  appreci- 


able amounts  of  material  passing  the  number  200  sieve, 
are  not  generally  used  with  rapid-curing  materials. 
On  this  experimental  road  no  difficulty  was  encountered 
in  obtaining  mixtures  of  uniformly  coated  aggregate 
either  with  the  1%  inches  to  dust  aggregate  or  with  that 
graded  from  %  inch  to  dust.  Although  the  air  temper- 
atures were  relatively  high,  the  loss  of  the  volatile 
portion  of  the  bituminous  material  was  not  sufficient 
to  interfere  with  the  manipulation  and  placing  of  the 
mixtures.  The  character  of  the  distillate  used  in  the 
cut-backs  was  such  as  to  provide  a  material  more  nearly 
resembling  the  medium-curing  type  of  cut-back;  con- 
sequently, it  is  likely  that  a  greater  amount  of  fines 
could  have  been  used  without  greatly  increasing  the 
work  of  mixing. 

For  a  number  of  years  the  inverted  penetration  or 
surface-treatment  method  has  been  used  satisfactorily 
on  many  miles  of  construction  where  a  relatively  thin 
mat  was  deemed  adequate.  Its  low  initial  cost,  ease 
of  maintenance,  and  the  fact  that  it  serves  excellently 
in  stage  construction  show  its  economy  and  adaptabil- 
ity. Reference  to  the  views  of  experiment  10  in  figure 
10,  and  to  its  analysis  in  table  8,  show  that  the  seal 
and  re-treatment,  together  with  the  crushing  of  the 
aggregate  that  occurred  in  service,  eventually  produced 
a  mat  that  was  very  similar  to  those  originally  obtained 
by  the  road-mix  method.  Although  the  liquid  bitu- 
minous material  was  satisfactory  in  the  surface-treated 
sections  of  this  road,  the  use  of  a  more  viscous  material 
is  more  generally  favored  in  constructing  surface- 
treated  roads.  Such  material  offers  better  protection 
against  moisture,  and,  as  it  becomes  very  viscous  almost 
immediately  upon  application,  the  cover  stone  is 
readily  held  in  place. 

For  convenience  of  comparison,  a  summary  of  the 
cost  data  is  given  in  table  10.  It  will  be  observed  that 
little  relation  exists  between  the  costs  of  construction 
and  of  maintenance.  All  of  the  sections  on  the  sand- 
clay  base  were  more  economical  to  maintain  than  were 
the  corresponding  sections  built  on  the  marl  base. 
Moreover,  it  is  interesting  to  note  that,  in  the  order  of 
their  cost  of  maintenance,  the  corresponding  sections 
on  the  two  bases  are  almost  identical,  which  fact  might 
indicate  that  the  character  of  the  base  was  not  the  sole 
cause  of  the  difference  but  that  the  type  of  structure 
had  some  effect  on  the  maintenance  cost. 

Experiment  10  has  been  the  most  economical  in  total 
cost  in  spite  of  its  annual  maintenance  cost  of  2.08 
cents.  Experiments  6A,  6B,  8,  and  9  have  been  more 
economical  to  maintain  but  their  total  costs  are  greater 
than  that  of  experiment  10.  The  difference  in  main- 
tenance cost  between  experiments  8  and  10  is  sufficient 
to  make  experiment  8  the  more  economical  after  a  period 
of  8  years  providing,  of  course,  that  future  maintenance 
costs  continue  in  the  same  proportion  as  in  the  past. 
No  other  section  would  approach  experiment  10  in 
economy  within  any  reasonable  period  of  time. 

Based  on  their  behavior,  it  is  reasonable  to  expect 
that  the  sections  on  the  sand-clay  base  will  continue  to 
give  satisfactory  service  with  little  increase  in  mainte- 
nance cost  under  the  conditions  now  existing.  More- 
over, the  present  structural  soundness  of  the  base  and 
mat  are  apparently  such  that  improvements  to  meet 
increased  traffic  demands  could  probably  be  made 
without  sacrificing  the  present  investment. 

The  same  situation  does  not  exist  for  the  sections  on 
the  marl  base,  with  the  exception  possibly  of  experi- 
ments 1A,  part  of  IB,  3,  and  4  where  good  drainage 
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exists.  It  is  improbable  that  the  marl  bases  on  this 
road  will  ever  be  better  than  in  the  past,  and  there  is 
little  reason  to  expect  that  any  bituminous  surface 
placed  on  it  will  be  satisfactory  for  any  considerable 
period.  Stabilization  of  the  marl  base  to  reduce  its  ad- 
verse reaction  to  moisture  would  be  necessary  in  order 
to  provide  a  foundation  comparable  with  that  provided 
at  present  by  the  sand-clay  material. 

Table  10. — Summary  of  cost  data 
SECTIONS  ON  MARL  BASE 


Costs  in  cents  per  square  yard 

Order  of 
mainte- 
nance 
cost 

Section 

Construc- 
tion 

Mainte- 
nance 

Total  to 

July  1, 

1937 

Average 
annual 
mainten- 
ance 

1A   

66.12 
72.58 
70.34 
79.40 
84.62 
61.07 
55.46 
28.47 

25.75 
42.29 
48.73 
55.42 
103.  86 
17.39 
23.69 
39.77 

91.87 
114.87 
119.07 
134.  82 
188.  48 
78.46 
79.15 
68.24 

3.32 
5.46 
6.29 
7.15 
13.40 
2.24 
3.06 
5.13 

6 

IB 

4 

2A...       

3 

2B.   . 

2 

2C 

1 

3 

8 

4 

7 

5 _ 

5 

Average 

64.77 

5.81 

SECTIONS  ON  SAND-CLAY  BASE 


6A 

6B 

72.53 
72.10 
62.86 
73.23 
84.55 
59.53 
66.74 
29.44 

14.11 
15.12 
20.29 
26.  91 
41.  19 
1.26 
2.92 
16.14 

86.64 
87.22 
83.15 
100. 14 
128.  74 
60.79 
69.66 
45.58 

1.82 
1.95 
2.62 
3.47 
5.70 
.16 
.38 
2.08 

6 
5 

7A 

3 

7B _ 

2 

7C_. 

1 

8 

8 

9 

7 

10 

1 

Average 

58.10 

2.28 

CONCLUSIONS 

The  record  obtained  and  the  observations  made  on 
this  road  during  the  period  covered  by  this  report  ap- 
pear to  warrant  tbe  following  conclusions: 

1.  The  service  behavior  of  the  bituminous  surfaces 
was  affected  more  by  the  character  of  the  base  than  by 
the  types  of  surfaces  or  the  materials  used  in  them. 

2.  The  suitability  of  marl  and  of  sand-clay  as  base 
materials  was  not  indicated  by  their  apparent  similarity 
to  other  like  materials  or  by  their  behavior  before  the 
bituminous  surfaces  were  applied. 

3.  Definite  knowledge  of  the  characteristics  that  affect 
the  service  behavior  of  soils  would  have  made  possible 
the  use  of  local  materials  to  the  best  advantage  and 
would  have  eliminated  the  likelihood  of  importing  ma- 
terial that  was  inferior  to  that  already  at  hand. 

4.  The  present  method  of  soil  analysis  and  classifica- 
tion provides  reliable  information  on  the  characteristics 
of  soils  and  on  their  probable  service  behavior  under 
given  conditions. 

5.  Satisfactory  bituminous  surfaces  can  be  con- 
structed by  various  methods  but  the  materials  used 
should  be  suited  to  the  method  selected. 

6.  In  the  design  of  mixtures,  consideration  should  be 
given  to  the  possibility  of  the  aggregate  crushing  under 
traffic,  in  order  that  the  increase  in  density  will  not 
result  in  the  voids  being  over-filled  with  bituminous 
material. 

7.  The  construction  of  an  adequate  base  will  greatly 
reduce  maintenance  costs  and  will  make  possible  the 
construction  of  a  relatively  thin  and  economical  surface. 

8.  The  construction  of  a  thin  mat  that  is  satisfactory 
for  current  needs  is  most  economical,  providing  ade- 
quate base  support  is  provided  originally,  and  such  a 
surface  can  be  strengthened  to  meet  increased  traffic 
demands. 
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PRELIMINARY  RESULTS  OF  ROAD-USE 

STUDIES 

BY  DIVISION  OF  CONTROL,  BUREAU  OF  PUBLIC  ROADS 

Reported  by  ROBERT  H.  PADDOCK  and  ROE  P.  RODGERS,   Associate  Highway  Engineer  Economists 


MOTOR  VEHICLES  annually  travel  approximately 
250  billion  vehicle-miles  over  the  streets  and  high- 
ways of  the  United  States.  The  benefits  derived  from 
such  travel  may  be  considered  one  measure  of  the  re- 
turns received  on  the  large  capital  investment  in  high- 
way facilities.  To  finance  the  facilities  necessary  for 
the  effective  handling  of  such  a  great  volume  of  travel, 
a  large  portion  of  the  needed  revenues  is  collected  from 
vehicles  owners  largely  on  the  basis  of  motor-vehicle 
use.  However,  highways  also  furnish  other  benefits 
than  those  received  directly  by  motorists,  and  highway- 
user  revenues  are  supplemented  to  a  limited  extent  by 
revenues  from  other  sources. 

In  planning  highway  programs  an  important  problem 
is  determination  of  where  highway-user  revenues  should 
be  spent  to  benefit  the  greatest  number  of  motorists  and 
to  provide  for  the  most  essential  needs  on  all  classes  of 
roads  and  streets.  It  is  evident  that  a  properly  con- 
sidered highway  program  should  be  intended,  insofar  as 
possible,  to  provide  facilities  for  various  classes  of 
motorists  so  that  the  maximum  benefits  to  the  public 
will  be  realized. 

Determinations  of  the  type  and  extent  of  highway  use 
as  obtained  from  road-use  studies  will  assist  in  formu- 
lating such  a  program.  These  studies,  which  are 
integral  parts  of  the  current  State-wide  highway  plan- 
ning surveys  under  way  in  46  States,  will  provide  factual 
bases  for  answering  important  questions  concerning  the 
nature  of  highway  traffic.  They  will  make  possible  an 
understanding  of  the  relationships  between  highway 
expenditures  and  the  travel  of  those  who  pay  a  large 
share  of  the  transportation  bill.  The  studies  will  also 
show  the  variations  between  the  motoring  habits  of 
rural  and  urban  residents  and  between  the  traffic  of 
different  types  of  motor  vehicles. 

The  data  presented  in  this  summary  are  presented 
without  the  complementary  material  which  will  be 
available  from  other  phases  of  the  planning  surveys,  and 
which  are  essential  in  formulating  integrated  highway- 
development  programs.  However,  a  study  of  road-use 
data  will  assist  in  an  understanding  of  highway-trans- 
portation problems. 

ANALYSIS     MADE    OF     INTERVIEWS     FROM     17     REPRESENTATIVE 

STATES 

Road-use  information  was  obtained  by  means  of  a 
large  number  of  personal  interviews  with  motor-vehicle 
owners  and  drivers.  These  interviews  were  carefully 
selected  to  insure  a  proper  representation  of  each  geo- 
graphical division  of  a  State,  of  each  group  of  govern- 
mental jurisdictions  within  similar  population  ranges, 
of  various  occupations,  and  of  vehicles  according  to 
types  and  ages  in  operation.  Information  obtained 
from  vehicle  owners  by  survey  interviewers  made  it 
possible  to  determine  the  extent  of  the  owners'  travel 
during  the  preceding  year,  and  the  routes  of  such  travel 
for  each  trip.  Experience  has  demonstrated  that  the 
year's  driving  of  an  individual  can  be  accounted  for 
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reliably  because  of  the  numerous  habitual  trips,  fre- 
quent local  recreational  trips,  and  unusual  long  trips 
that  can  be  easily  recalled. 

By  summarizing  the  data  and  expanding  to  the  total 
State  registration  for  each  vehicle  type — taking  into 
account  all  known  factors  affecting  the  amount  and 
kind  of  driving — information  is  obtained  from  which 
it  is  possible  to  estimate — 

1.  The  total  amount  of  travel  on  the  various  high- 
way systems  in  a  given  area  or  in  the  State,  and 

2.  The  amount  of  travel  performed  on  the  various 
highway  systems  in  the  State  by  vehicle  owners  residing 
in  the  several  governmental  jurisdictions. 

The  two  special  analyses  presented  in  this  report  arc 
largely  based  upon  preliminary  road-use  data  obtained 
in  the  f7  States  of  Colorado,  Florida,  Iowa,  Louisiana, 
Michigan,  Minnesota,  Missouri,  Montana,  New  York, 
Ohio,  Oklahoma,  Oregon,  Pennsylvania,  South  Dakota, 
Utah,  Washington,  and  Wisconsin.  Interviews  cover- 
ing a  total  of  198,809  passenger  cars  and  71,941  trucks 
were  taken  in  these  States  during  different  periods, 
most  of  them  during  1936,  but  some  at  an  earlier  date. 
All  figures  were  adjusted  to  the  year  1936  in  proportion 
to  the  motor-vehicle  registrations  for  the  particular 
years  under  consideration.  The  17-State  sample  was 
then  expanded  to  obtain  figures  representing  the  entire 
United  States  by  applying  road-use  data  for  a  particular 
State  to  those  surrounding  or  similar  States  for  which 
data  were  not  yet  available. 

Factors  taken  into  consideration  in  these  calcula- 
tions included  motor-vehicle  registrations,  the  distribu- 
tion of  population  by  population  groups  (see  table  1), 
motor-vehicle  ownership  per  capita  for  various  popula- 
tion groups,  and  existing  mileages  of  the  several  high- 
way systems  in  each  State.  A  number  of  additional 
corrective  factors  were  omitted  in  this  preliminary 
analysis,  but  it  is  believed  that  the  results  are  reliable. 

The  17  States  which  formed  the  basis  for  this  analysis 
represent: 

45.4  percent  of  the  estimated  population  of  the  United 
States  in  1936. 

47.8  percent  of  motor-vehicle  registrations  in  the  United 

States  in  1936. 
41.0  percent  of  the   State  primary  road   mileage   in    (he 
United  States  in  1936. 

Results  of  road-use  studies  indicate  that  these  States 
were  responsible  for: 

46.3  percent  of  estimated  travel  on  all  roads  and  streets 
in  1936. 

44.9  percent  of  estimated  travel  on   State-administered 

highways  in  1936. 

The  close  agreement  of  these  figures  indicates  that 
for  the  purpose  of  this  study,  the  17  States  were  repre- 
sentative of  the  country  as  a  whole. 

That  the  estimate  of  total  annual  travel  amounting 
to  almost  250  billion  vehicle-miles  for  all  passenger 
cars,  trucks,  and  busses  in  the  United  States  is  reason- 
able, can  be  demonstrated  by  comparison  with  the  total 
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Table  1. — Approximate  distribution  of  population  and  of  motor- 
vehicle  registration  in  the  United  States  in  1936  by  population 
groups  of  residence 


Population  group 

Population  ' 

Motor-vehicle  regis- 
tration i 

Number 
44,  636,  770 

1,  362,  740 
4, 820, 707 
10,614,746 
9,  007, 200 
12,917,141 
36,  325,  736 

122, 775, 046 

Percent 
36.4 

3.6 
3.9 
8.6 
7.4 
10.5 
29.6 

Number 
8,617,876 

1,491,044 
1,544,370 
3,061,979 
2,444,929 
3,419,713 
7,  585,  639 

Percent 
30.6 

Incorporated    places    having    a 
population  of— 

1.000  or  less. 

1.001  to  2,500 . 

5  3 
5.5 

2,501  to  10,000  

10.9 

10,001  to  25,000 

8  7 

25,001  to  100,000  .. 

12.  1 

100,001  or  more    

26.9 

Total                            

100.0 

28,165,550 

100.0 

1  Population  data  from  1930  census.    Total  midyear  population  for  1936  estimated 
by  United  States  Census  Bureau  at  128,429,000. 

2  Includes  passenger  cars,  trucks,  and  busses. 

quantity  of  gasoline  consumed  in  street  and  highway 
travel.  *  The  total  estimated  travel  of  249,778,990,000 
vehicle-miles  in  1936,  divided  by  the  17,855,454,000 
gallons  of  gasoline  used  on  highways  in  1936,  gives  an 
average  of  14  miles  per  gallon  for  all  types  of  motor 
vehicles.  This  result  is  in  close  agreement  with  other 
estimates  of  average  gasoline  consumption  per  vehicle 
made  in  recent  years.  Both  this  figure  and  the  esti- 
mated average  annual  travel  of  8,870  miles  for  all  types 
of  motor  vehicles  also  compare  favorably  with  similar 
values  determined  from  other  highway  planning  survey 
data  in  a  number  of  States. 

OVER  HALF  OF  ALL  TRAVEL  PERFORMED  ON  PRIMARY  STATE 
HIGHWAYS 

The  highway  systems  over  which  total  travel  was 
distributed  are  classified  as  (1)  primary  rural  highways 
and  transcity  connections,  (2)  secondary  highways  and 
local  rural  roads,  and  (3)  city  streets.  Primary  rural 
highways  under  State  control  consisted  of  339,000 
miles  which,  with  the  urban  extensions  and  connecting 
links  through  municipalities  of  20,000  miles,  totaled 
359,000  miles  in  the  United  States  in  1936. 

The  secondary  and  local  rural  road  classification  in- 
cludes 178,000  miles  of  rural  highways  under  State  con- 
trol other  than  primary  State  highways,  as  well  as  an 
estimated  2,440,000  miles  of  county  and  township  roads 
or  a  total  for  this  classification  of  2,618,000  miles  for  the 
United  States. 

City  street  mileage  comprised  215,000  miles,  of  which 
20,000  miles  was  urban  extensions  and  connecting  links 
of  the  primary  systems  and  195,000  miles  was  the  esti- 
mated total  of  other  streets  in  all  incorporated  places 
in  1936. 

In  determining  the  distribution  of  travel  to  these 
various  systems  all  travel  on  streets  of  incorporated 
places  incurred  in  going  to  or  coming  from  rural  por- 
tions of  the  primary  highway  system  was  summarized 
separately  and  for  this  particular  presentation  has  been 
credited  to  the  primary  system.  Similarly,  travel  on 
city  streets  incurred  in  going  to  or  coming  from  rural 
portions  of  the  secondary  system  was  credited  to  the 
secondary  system.  Purely  local  city  travel  originating 
inside  a  municipality  and  not  extending  beyond  the  city 
limits  was  credited  to  the  local  street  classification,  even 
though  some  of  that  travel  occurred  on  the  urban  ex- 
tensions or  connecting  links  of  the  primary  system  with- 
in the  city. 

Table  2  shows  the  distribution  of  estimated  annual 
motor-vehicle  travel  in  the  United  States  in  1936  on  the 
various  highway  systems,  as  performed  by  motor- 
vehicle  owners  resident  in  different  population  groups. 


Table  3  shows  for  each  population  group  of  residence  or 
vehicle  ownership  the  percentage  of  total  annual 
travel  performed  on  each  of  the  highway  systems.  The 
composition  of  the  total  annual  motor-vehicle  travel 
occurring  on  each  highway  system  according  to  the 
various  popula  tion  groups  in  which  the  travel  originated 
appears  in  table  4. 

Average  annual  travel  figures  for  each  highway  sys- 
tem by  motor-vehicle  owners  resident  in  each  popula- 
tion group  appear  in  table  5. 


Table  2. — Estimated  motor-vehicle  travel  on  various  highway 
systems  in  the  United  States  in  1936  ' 


Total  travel  on- 

Travel  by  motor-vehicle  owners 
resident  in- 

Primary 
rural  high- 
ways and 
transcity 
connections 

Secondary 
highways 
and  local 
rural  roads 

City  streets 

All  systems 

Unincorporated  areas. 

Million  ve- 
hicle-miles 
40, 846.  6 

9, 869. 0 
10, 368. 9 
19, 800. 8 
15,127.6 
18.  632.  8 
26,  328.  0 

Million  ve- 
hicle-miles 
19, 453.  7 

2,942.7 
2, 063.  6 
2, 909. 3 
1, 906.  8 
2,  044.  5 
2,113.4 

Million  ve- 

hicU-miles 

3,  333.  0 

760.4 

1,826.8 

6,  284.  5 

6,  \i;<)  s 

12,710.2 

43,  586.  5 

Million  ve- 
hicle-mites 
63,  633. 3 

Incorporated    places    having    a 
population  of— 
1,000  or  less 

13, 572. 1 

1,001  to  2,500 

14, 259. 3 

2,501  to  10,000 

28, 994.  6 

10,001  to  25,000... 

23, 904.  2 

25,001  to  100,000 

33, 387.  5 

100,001  or  more .. 

72, 027. 9 

Total 

140,  973.  7 

33,  434.  0 

75,371.2 

249,  778.  9 

1  Based  on  preliminary  data  from  road-use  surveys  in  17  representative  States. 


Table  3. — Percentage  of  estimated  mot  or -vehicle  travel  on  the 
various  highway  systems  in  the  United  States  in  1936 


Travel  by  motor-vehicle  owners 
resident  in- 


Unincorporated  areas  

Incorporated  places  having  a  popula 
tion  of — 

1.000  or  less 

1.001  to  2,500 

2.501  to  10.000 

10,001  to  25,000 

25,001  to  100,000 

100,001  or  more 

Total 


Total  travel  on- 


Primary 
rural  high- 
ways and 
transcity 
connections 


Percent 
64.2 


72.7 
72.7 
68.3 
63.3 
55.8 
36.6 


Ml    1 


Secondary 

highways 

City 

and  local 

streets 

rural  roads 

Percent 

Percent 

30.6 

5.2 

21.7 

5.6 

14.5 

12.8 

10.0 

21.7 

8.0 

28.7 

6.2 

38.0 

2.9 

60.5 

13.4 

30.2 

All  sys- 
tems 


Ptrcent 
100.0 


100.0 
100.0 
100.0 
100.0 
100. 0 
100.0 


100  0 


Table  4.  —  Percentage  of  estimated  motor-vehicle  travel  07i  each 
highway  system  by  population  groups  of  residence  in  which 
travel  originated  in  the  United  States  in  1936 


Total  travel  on- 

Travel  by  motor-vehicle  owners 
resident  in — 

Primary 
rural  high- 
ways and 
transcity 
connections 

Secondary 

highways 

and  local 

rural 

roads 

City 
streets 

All 
systems 

Percent 
29.0 

7.0 
7.4 
14.0 
10.7 
13.2 
18.7 

Percent 
58.2 

8.8 
6.2 
8.7 
5.7 
6.1 
6.3 

Percent 

4.4 

10 
2.4 
8.3 
9.1 
16.9 
57.9 

Percent 
25.5 

Incorporated  places  having  a  popu- 
lation of — 
1,000  or  less 

5.4. 

2.501  to  10,000 

5.7 
11.6 

10,001  to  25,000. . 

9.6 

25,001  to  100,000 

13.4 

100,001  or  more .  

28.8 

Total 

100.0 

100.0 

lOll  11 

100.0 
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The  data  presented  in  tables  2  and  3  indicate  that  of 
the  nearly  250  billion  vehicle-miles  traveled  in  1936  by 
passenger  cars,  trucks,  and  busses  in  the  United  States, 
56.4  percent  was  travel  on  the  primary  rural  highways 
and  transcity  connections,  13.4  percent  on  the  second- 
ary highways  and  local  rural  roads,  and  30.2  percent  on 
city  streets.  These  figures  may  be  more  easily  visual- 
ized by  reference  to  table  5,  which  shows  that  the  aver- 
age motor  vehicle  traveled  8,870  miles  during  1936,  and 
that  the  division  of  this  travel  among  the  three  classes  of 
highways  was  5,000,  1,190,  and  2,680  miles,  respectively. 


Table    5. — Estimated    average    travel    per    motor    vehicle    on 
various  highway  systems  of  the  United  States  in  1936 


tin: 


Travel  by  motor-vehicle  owners 
resident  in- 


Unincorporated  areas 

Incorporated  places  having  a  popu- 
lation of— 

1.000  or  less 

1.001  to  2,500 

2,501  to  10,000 

10,001  to  25,000 

25*01  to  100,000 

100,001  or  more 

Total 


Average  travel  on- 


Primary 
rural  high- 
ways and 
transcity 
connections 


I  'eh  icle- 
miles 
4.740 


6,620 
6,710 
6,470 
6,190 
5,450 
3,470 


5,000 


Secondary 

highways 

and  local 

rural 

roads 


Vehicle- 
miles 

2,250 


1,970 
1,340 
950 
780 
600 
280 


1.190 


City 
streets 


Vehicle- 
miles 
390 


510 
1,180 
2,050 
2,810 
3,710 
5,740 


All 
systems 


\  'eh  icle- 
miles 
7,380 


9,100 
9,230 
9,470 
9,780 
9.  760 
9,490 


S.870 


Because  the  total  average  annual  travel  for  motor 
vehicles  registered  in  each  population  group  was  rela- 
tively uniform  with  the  exception  of  those  owned  in 
unincorporated  areas  (table  5),  the  percentage  of  total 
annual  travel  on  all  highways  and  streets  corresponded 
very  closely  to  the  percentage  distribution  of  vehicle 
registrations  within  each  population  group.  This  fact 
is  apparent  from  comparison  of  the  figures  in  the  last 
columns  of  tables  1  and  4. 

MAJOR   USE  OF  PRIMARY   HIGHWAYS   WAS   BY   CITY  CAR  OWNERS 

There  was  considerable  difference,  however,  in  the 
relative  use  of  the  various  highway  systems  by  vehicles 
registered  in  the  several  population  groups.  These 
differences  are  indicated  in  tables  3  and  5.  Vehicles 
owned  in  unincorporated  areas  performed  64.2  percent 
and  30.6  percent  of  their  travel  in  1936  on  the  primary 
highways  and  the  secondary  and  local  rural  roads,  re- 
spectively, and  used  city  streets  for  only  5.2  percent  of 
their  total  travel. 

The  use  of  the  various  highway  systems  by  vehicles 
owned  in  the  smaller  incorporated  places  was  somewhat 
similar  to  that  for  rural-owned  vehicles.  However,  it 
is  interesting  to  note  the  extent  of  the  change  in  use  of 
other  highway  systems  with  increase  in  the  size  of  the 
place  of  vehicle  ownership.  Vehicles  owned  in  the 
group  of  smallest  incorporated  places  used  the  primary 
highways  and  the  secondary  and  local  rural  roads  for 
72.7  percent  and  21.7  percent,  respectively,  of  their 
total  aimual  driving,  while  vehicles  owned  in  cities 
having  populations  over  100,000  used  these  same  sys- 
tems to  the  extent  of  36.6  percent  and  2.9  percent, 
respectively.  Vehicles  owned  in  the  smallest  incorpo- 
rated places  were  used  on  city  streets  for  only  5.6  per- 
cent of  their  total  annual  travel,  but  those  owned  in  the 
largest  cities  performed  60.5  percent  of  their  annual 
travel  on  streets  of  incorporated  places.     (See  table  3.) 


PRIMARY  PURAL 
HIGHWAYS  ANO 
TRANS-CITY 
CONNECTIONS 


SECONDAR  i 

HIGHWAYS 
AND  LOCAL 
RURAL  ROA0S 


Figure  1. — Distribution  of  Estimated  Annual  Motor- 
Vehicle  Travel  in  the  United  States  in  193G  by  Residents 
of  Unincorporated  Areas  and  Incorporated  Places. 

This  increase  in  the  use  of  city  streets  by  vehicles 
owned  in  the  larger  incorporated  places  was,  of  course, 
accompanied  by  a  corresponding  decrease  in  the  use  of 
other  highway  systems.  It  should  be  noted,  however 
(table  3),  that  even  for  vehicles  owned  in  the  largest 
cities  the  primary  rural  highways  and  transcity  con- 
nections were  used  for  over  one-third  of  the  total  annual 
travel.  This  use  was  sufficiently  high  to  account  for 
18.7  percent  (table  4)  of  the  annual  travel  by  all  motor 
vehicles  on  the  primary  highway  system. 

As  shown  in  table  4  and  figure  1,  the  largest  propor- 
tion of  travel  on  the  primary  highway  system  was  that 
of  town  and  city  residents.  Motorists  living  in  incor- 
porated places  accounted  for  71  percent  of  the  total 
travel  on  this  system. 

The  importance  of  the  primary  highways  to  the  city 
motorist  is  apparent.  Though  his  use  of  the  rural 
highway  system  decreased  (see  table  3)  as  the  size  of 
the  place  in  which  the  motorist  lived  increased,  the  per- 
centage of  his  travel  on  such  highways  was  consider- 
able. Only  for  vehicle  owners  resident  in  cities  over 
100,000  population  did  their  travel  on  primary  rural 
highways  fall  below  50  percent  of  their  total  travel. 

Considering  only  residents  of  cities  having  popula- 
tions of  more  than  10,000,  table  2  shows  that  they 
accounted  for  more  than  60  billion  vehicle-miles  of  the 
140,973,700,000  vehicle-miles  traveled  on  primary 
highways  in  1936.  Residents  of  unincorporated  areas 
accounted  for  only  slightly  more  than  40  billion  vehicle- 
miles  of  the  primary  highway  travel,  or  less  than  that 
provided  by  vehicle  owners  from  cities  having  more 
than  25,000  population. 

In  considering  travel  by  residents  of  incorporated 
places  having  10,000  population  or  less,  it  is  significant 
that  the  percentage  of  their  travel  on  primary  highways 
as  shown  in  table  3  was  greater  than  that  of  any  other 
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group,  even  the  residents  of  unincorporated  areas. 
Practically  all  such  incorporated  places  are  located  on 
or  within  a  very  short  distance  from  primary  roads. 
Highway  development  in  this  country  has  been  such 
that  generally  it  has  been  expected  that  all  but  the  very 
smallest  places  would  be  given  consideration  in  the 
location  of  primary  routes.  Vehicle  owners  living 
within  these  cities  are  located  close  to  primary  high- 
ways; they  are  much  closer  than  many  rural  residents 
who  live  on  township  or  county  roads;  and  they  are 
generally  closer  than  residents  of  the  larger  cities  who 
frequently  must  travel  a  considerable  distance  to  reach 
primary  routes. 

It  is  apparent  from  this  discussion  and  from  the  data 
shown  in  the  accompanying  tables  that  the  major  use 
of  the  primary  highways  is  by  city  motor-vehicle  own- 
ers, and  that  in  spite  of  their  large  use  of  local  city 
streets,  the  use  of  primary  highways  by  all  city-owned 
vehicles  is  greater  than  their  use  of  all  other  highway 
facilities.  It  therefore  follows  that  the  provision  of 
adequate  rural  highway  facilities  today  is  of  major 
importance  to  the  city  motorist  and  that  the  required 
improvements  in  those  facilities  are  largely  occasioned 
by  the  city  motorists'  demands  on  the  primary  system. 

TRIP-I.ENGTH  DATA  OBTAINED  IN  11  STATES 

Table  4  shows  that  only  4.4  percent  of  the  total  travel 
on  city  streets  was  contributed  bjT  motorists  living  in 
unincorporated  areas,  and  that  most  of  the  remaining 
95. G  percent  of  travel  performed  by  residents  of  incor- 
porated places  represented  the  operations  of  residents 
in  the  larger  cities.  Of  all  travel  on  city  streets,  57.9 
percent  was  performed  by  residents  of  cities  having 
populations  of  over  100,000,  and  drivers  living  in 
cities  with  over  10,000  inhabitants  accounted  for 
83.9  percent  of  the  total  travel  on  local  city  streets. 

Concerning  motor-vehicle  use  on  all  streets  and 
highways,  approximately  one-fourth  was  by  residents 
of  unincorporated  areas,  while  twice  that  amount,  or 
51.S  percent  of  all  travel,  represents  the  driving  of 
those  living  in  cities  having  over  10,000  inhabitants. 
The.  largest  percentage  of  vehicle  travel  accounted  for 
by  residents  of  any  one  group  of  governmental  units  as 
shown  in  table  4  was  that  originating  in  cities  having 
populations  over  100,000.  Residents  of  these  cities 
contributed  28.8  percent  of  all  travel  on  all  roads  and 
streets. 

These  data  on  vehicle  travel  have  also  been  expressed 
in  terms  of  average  24-hour  traffic  volumes  for  each 
class  of  road  and  street.     Table  <>  sbows  that  for  the 

Table  (i.  -Approximate  mileage  of  each  highway  system  ami 
average  24-hour  traffic  volume  on  each  highway  yi/st<  m  in  the 
United  Stairs  in  1936 


Highway  system 


Primary  rural  highways  and   transcity   con- 
nections.       -   -  

Secondary  highways  ami  local  rural  roads... 
City  streets 

All  swems 


Approxi- 
mate 
mileage 


Milts 
359,000 

'  2,618, 

'215,000 


3  3,  172.000 


Estimated 
total  an- 
nual motor' 
vehicle 
travel 


Million 
vehicle-miles 

1 10,973.  7 
33,  431.  0 
75,371.2 


249,778.9 


Average 
24-hour 
traffic 

volume 


Vehicle* 
1,076 
35 
960 


216 


1  Based  on  latest  available  estimates 

1  Estimate  includes  20,11(10  miles  of  transcity  connections  which  are  also  included 
with  primary  system  mileage,  because  exclusively  local  citj  travel  includes  travel 
over  such  connections. 

;  Excludes  duplication  of  20,000  mile;  of  trans-city  connections. 


country  as  a  whole,  primary  rural  highways  and  their 
transcity  connections  carried  an  average  daily  volume 
of  1,076  vehicles,  which  was  slightly  higher  than  the 
960  vehicles  computed  as  the  average  for  city  streets. 
These  volumes  were  about  30  times  greater  than  the 
average  daily  volume  on  secondary  and  local  rural  roads 
combined.  Average  24-hour  traffic  volume  for  the 
more  than  3  million  miles  of  roads  and  streets  in  the 
United  States  was  estimated  at  216  vehicles. 

Another  special  study  of  considerable  value  was  also 
made  from  road-use  data  concerning  the  radii  of  opera- 
tion of  motor  vehicles.  It  was  sought  by  this  investiga- 
tion to  determine  the  length  of  vehicle  trips  that  extend 
beyond  the  limits  of  cities;  that  is,  of  trips  that  are 
either  partly  or  wholly  on  rural  roads.  Thus  all  trips 
by  residents  of  unincorporated  areas  were  included;  but 
for  motorists  living  in  incorporated  places,  only  those 
trips  were  counted  that  extended  beyond  the  limits  of 
the  town  or  city  in  which  the  driver  resided . 

This  special  study  was  made  in  the  11  States  of 
Florida,  Kansas,  Louisiana,  Minnesota,  New  Hamp- 
shire, Pennsylvania,  South  Dakota,  Utah,  Vermont, 
Washington,  and  Wisconsin.  In  1936  there  were 
4,862,541  passenger  cars  and  880,432  trucks  registered 
in  these  11  States,  or  a  combined  registration  of  5,742,- 
973.  These  figures  are  presented  in  table  7,  together 
with  information  concerning  the  number  of  interviews 
taken  in  each  State.  The  number  of  interviews  totaled 
129,407,  and  consisted  of  94,167  for  passenger  cars  and 
35,240  for  trucks.  Trip-length  information  was  not 
expanded  to  represent  data  for  the  entire  country,  but 
only  to  represent  total  registrations  in  each  of  these 
States. 

For  purposes  of  this  analysis,  all  trips  have  been 
classified  as  one-way  trips.  If  a  motor-vehicle  owner 
left  his  home  and  drove  to  some  other  point  10  miles 
distant,  requiring  a  total  travel  of  20  miles  from  point 
of  starting  until  return  to  that  point,  such  a  trip  could 
be  classified  as  two  one-way  trips  of  10  miles  each. 
The  one-way  trip  classification  has  been  used  for  all 
tabulations  in  this  discussion. 

Table  7. — 1936  motor-vehicle  registrations  ami  number  of  road 
use  interviews  used  for  basis  of  analysis  of  total  number  of  one- 
way trips  outside  city  limits  in  11  States 


1936  registration 

Number  of  interviews 

Stale 

Passenger 
cars 

Trucks 

Total 

Passenger 
cars 

Trucks 

Total 

Florida 

321,467 
190,  793 
22s,  361 
668,915 
97,  361 
1,615,955 
158,  L92 
96,  768 
75,  195 
419,493 
fiSJO,  041 

03,  885 
i  87,  113 

73,  628 
114,  14S 
1  24,  875 
235,  834 

28,  216 

I'l.  ;;'.<: 
8,845 

79,  538 
144,653 

385,  352 
577,  906 
301,989 
7S3,  363 
122,2311 
1,851  789 
186,  40S 
116,165 
84,  040 
499, 031 
834,694 

7,015 
8,663 
3.891 

13,059 
1,936 

23,  783 
3.608 
2,148 
1,472 

14,  027 

14,  565 

3,010 
2,  813 
1,023 
5,649 

914 

10,507 

1,533 

1,097 

850 
1,313 
5,871 

10, 025 

11.  171 

Louisiana.  

5,  514 

Minnesota 

18,  70S 

New  Hampshire 

2,850 
34,350 

South  Dakota 

5,  141 

Utah 

3,  245 

Vermont ... 

Washington  .. 

2,322 
15.340 

20,  436 

Total  

4,862,541 

880,  432 

5.  742,  973 

94, 167 

35,  240 

129,  407 

1  Includes  busses. 

PASSENGER-CAR  AND  TRUCK  TRIPS  PREDOMINATELY  OF  SHORT 
LENGTH 

Tables  8  and  9  contain  analyses  of  the  length  of  one- 
way trips  partially  or  wholly  traveled  on  roads  in  unin- 
corporated areas.  The  numbers  of  these  trips  within 
designated  length  classifications  are  shown  graphicalhj 
in  figure  2  for  passenger  cars  and  trucks  combined. 

The  short  length  of  travel  of  a  large  part  of  motor- 
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Figure  2. — Percentage  of  all  Passenger-Car  and  Truck 
Trips  Exceeding  Various  Lengths. 

vehicle  operation  is  readily  apparent.  For  passenger 
cars,  trips  of  less  than  5  miles  constituted  :->x.4  percent 
of  the  number  of  all  one-way  trips  traveled  partly  or 
wholly  on  highways  in  unincorporated  areas.  Trips 
of  over  5  but  less  than  10  miles  comprised  26.5  percent 
of  the  total.  Of  all  the  one-way  trips  tabulated,  there- 
fore, 64.9  percent  of  the  total  number  were  less  than  10 
miles  long.  Trips  less  than  20  miles  long  accounted 
for  85  percent  of  all  passenger-car  trips.  Accordingly, 
only    15   percent   of   all    trips   extending   beyond   city 


limits  or  traveled  entirely  on  rural  roads  were  greater 
than  20  miles  long.  Passenger  cars  went  over  100 
miles  from  their  starting  point  on  only  1.5  percent  of 
all  their  trips. 

Analysis  of  truck  movements  gave  fairly  similar 
results,  34  percent  of  all  trips  being  less  than  5  miles 
long,  59.5  percent  less  than  10  miles,  and  80.3  percent- 
less  than  20  miles.  Trips  over  100  miles  were  2.0 
percent  of  the  total  number  of  all  trips,  and  truck  trips 
above  50  miles  and  less  than  250  miles  long  constituted 
6.2  percent  of  the  total  number  as  compared  with  4 
percent  for  passenger  cars. 

Considering  passenger  cars  and  trucks  combined, 
37.5  percent  of  the  number  of  all  one-way  trips  involv- 
ing travel  on  roads  in  unincorporated  areas  extended 
less  than  5  miles  from  the  point  of  origin.  The  fact 
that  the  many  short  trips  made  wholly  within  incorpo- 
rated areas  have  been  omitted  from  these  trip-length 
data  emphasizes  still  further  the  preponderant  use  of 
motor  vehicles  for  short  trips. 

Tables  10  and  11  show  the  States  of  destination  of 
one-way  trips  over  100  miles  long  made  by  passenger 
cars  and  by  trucks  registered  in  the  11  .States.  These 
data  are  summarized  in  table  12  to  show  the  percentage 
of  such  trips  having  destinations  in  the  State  of  origin, 


Table   8. — Frequency  didribvlion  of  the  length  of  all  onc-uay  trips  made  by  passenger  cars  that  extended  ovtside  city  limits  in  11  States  ' 

TOTAL  NUMBER  OF  TRIP.~ 


State 


Florida 

Kansas 

Louisiana 

Minnesota 

New  Hampshire 

Pennsylvania 

South  Dakota... 

Utah..... 

Vermont 

Washington.. _-. 
Wisconsin 

Total 


Length  of  one-way  trips  from  point  of  origin  iu  miles 


Less  than 
5 


1,000 

trips 
45,  189 
124,  109 

43,9*1 

97.  533 
10,782 
296,  153 
16,  704 
17,019 
14,763 
73,201 
95.  622 


S35.  1159 


5  to  9.9      10  to  19.9    20  to  29.9 


/  ,000 
trips 

In  ,84 
69,011 
25.005 
62,  426 
12.941 
214.362 
11,760 
9,  198 
10,650 
42,913 
77,445 


576,  295 


1,000 

trips 

31,803 

54,600 

18,019 

51,591 

10,975 

154,277 

11,880 

6,838 

6,178 

33,  562 

58,  499 


438,  222 


;  ,000 

trips 

11,069 

17,267 
6,970 

16.477 
3,  046 

47,626 
1,894 
2,  626 
2,  079 

11,020 

20,  691 


143.765 


30  to  39.9 


1,000 

trips 
4,055 
6,526 
.'.  9S6 
6,477 
1,393 

21,  246 
1,631 
1,653 
718 
5.700 
9,538 


61.  923 


40  tO  19  9 


I, i  ii.ii  J 

trips 

1,373 

2.  2SJ 

1.335 

3.680 

900 

9.180 

1,233 

908 

562 

2,208 

4,  123 


27.  784 


50  to  99.9 


;  ,000 

trips 
3,776 
6,  634 
3,842 

8,  224 
1,  536 

19,  254 

1.950 

1,053 

757 

4,882 

9.  324 


01,232 


100  to 
249.9 


1,000 

trips 

1,437 

2.  591 
946 

5,045 
320 

8,016 
731 
477 
223 

2,  062 

3,  826 


25,  743 


250  to 

499  9 


/  ,000 

trips 
400 
158 
1S2 
550 
27 
763 
180 
134 
28 
359 
541 


500  tO 

999.9 


1,000 
trips 
85 

1,1 

35 


221 
II 

60 

l 


825 


1,000  and 
over 


1,000 

tnpx 
76 
89 
10 
45 
4 
91 
24 
41 
1 
59 
19 


1S9 


Total  all 
trips 


1,000 

trips 

139,907 

283, 721 

103,314 

252, 143 

41.938 

771, 189 

51,031 

40,  007 

35,  960 

176,015 

279, 740 


2,  174,  965 


PERCENTAGE  OF  TOTAL  NUMBER  OF  TRIPS 


Florida 

Kansas 

Louisiana 

Minnesota 

New  Hampshire 
Pennsylvania... 
South  Dakota... 

Utah 

Vermont... 

Washington 

Wisconsin 

Total 


Percent 

Percent 

32.  3 

29.0 

43.  8 

24.  3 

42.  6 

24.  2 

38  7 

24  s 

25.7 

30.9 

38.4 

27.8 

32.  7 

23.0 

42.  6 

23.0 

41 .0 

29.  6 

41.6 

24.  4 

34.2 

27.7 

38.4 

26.  5 

22.7 
19.2 
17.4 
20.4 
26  1 
20.0 
23.  3 
17.1 
17.2 
19.0 
20.9 


20.  1 


ent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

7.9 

2.9 

1.0 

2.7 

1.  1 

0.  3 

0.1 

C) 

6.  1 

2.3 

.8 

2.3 

.9 

2 

.1 

« 

6.X 

2  9 

1.3 

3.7 

.9 

.2 

(2) 

(2) 

6.  5 

2.6 

1.5 

3.2 

2.0 

.2 

.1 

m 

7.3 

3.3 

2.2 

3.6 

.8 

.1 

(') 

m 

6.  2 

2.7 

1.2 

2.5 

1.0 

.1 

.1 

(-) 

9.  6 

3.2 

2  4 

3.8 

1.4 

.4 

.  1 

.i 

i;  5 

4.1 

2.3 

2.6 

1.2 

.3 

.2 

.  i 

",  s 

2.0 

1.6 

2.  1 

.6 

.  1 

(') 

(2) 

6  3 

3.2 

1.3 

2.8 

1.1 

•> 

.1 

c) 

7  4 

3.4 

1.5 

3.3 

1.4 

.2 

(;) 

« 

6.6 

2.8 

1.3 

2.8 

1.2 

.2 

.1 

p) 

Percent 
100 

no 

100 

Kill 
L00 
HID 
11)1) 
100 
100 

111!) 

100 


101) 


CUMULATIVE  PERCENTAGE  OF  TOTAL  NUMBER  OF  TRIPS 


Florida 

Kansas 

Louisiana 

Minnesota 

New  Hampshire 

Pennsylvania 

South  Dakota... 

Utah 

Vermont 

Washington 

Wisconsin 

Total 


Percent 
32.3 
43.8 
42.6 
38.7 
25.7 
38.4 
32.7 
42.6 
41.0 
416 
34.2 


38.4 


Percent 
61.3 
68.1 
66.8 
63.5 
56.6 
66.2 
55.7 
65.6 
70.6 
66.0 
61.9 


64.9 


Percent 
84.0 
87.3 
84.2 

S3  9 
82.  7 
86  2 
79.0 
82  7 
87.8 
85.0 
32  s 


?5  0 


Percent 
91.9 
93  4 

91  0 
90   1 

90  0 

92  1 

SS    I, 

89.  2 

93  6 

91  3 
90.2 


91.6 


Percent 
94.8 
95.7 
93.9 
93.0 
93.3 
95.1 
91.8 
93.  3 
95.6 
94.5 
93.6 


94.4 


Percent 
95.8 
96.5 
95.2 
94.5 
95.5 
96.3 
94.2 
95.6 
97.  2 
95.8 
95.1 


95.7 


Percent 
98.5 
98.8 
98.9 
97.7 
99.1 
98.  8 
98.  0 
98  2 
99.3 
98  6 
98.  4 


98.5 


Percent 
99.6 
99.7 
99.8 
99.7 
99.9 
99.8 
99.4 
99.4 
99.9 
99.7 
99.8 


9.  7 


Percent 
99.9 
99.  9 

100.0 
99.  9 

100.0 
99.  9 
99.8 
99.7 

100.  0 
99.9 

100.0 


99.9 


Percent 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
99.9 
99.9 
100.0 
100.0 
100.0 


100.  0 


Percent 
100 
100 
100 
100 
LOO 
100 
LOO 
mo 
100 
LOO 
100 


!  00 


Percent 


1  Based  on  analysis  of  42,407,204  one-way  trips  performed  by  94,167  passenger  cars  in  these  States. 

2  Less  than  01  percent. 


50 


PUBLIC  ROADS 


Vol.  20,  No   3 


Table  9. —  Frequency  distribution  of  the  length  of  all  one-uay  trips  made  by  trucks  that  extended  outside  city  limits  in  11  States 

TOTAL  NUMBER  OF  TRIPS 


Length  of  one-way  trips  from  point  of  origin  in  miles 

Total  all 
trips 

State 

Less 
than  5 

5  to  9.9 

10  to  19.9 

20  to  29.9 

30  to  39.9 

40  to  49.9 

50  to  99.9 

100  to 
249.9 

250  to 
499.9 

500  to 
999.2 

1,000  and 
over 

1,000 
trips 
11,145 
17,622 
14, 769 
20,  591 
2.708 
53,717 
2,824 
4,579 
3,159 
17,515 
36,  323 

1,000 

trips 

11,433 

12,722 

11,787 

20,  750 

3,504 

33,  446 

2.528 

1,960 

2,817 

9.  438 

28,531 

1,000 

trips 
8,504 

10, 389 

12,  645 

14,942 
2,584 

24,704 
3,104 
1,616 
1.969 
9,724 

23,  340 

1,000 

trips 

3,616 

3,777 

4,803 

5,  534 

863 

7.291 

1,239 

059 

564 

4.  734 

8,775 

1,000 

trips 

1,456 

1,540 

2,539 

2,169 

414 

3,789 

516 

395 

247 

2,768 

4,197 

1,000 
trips 
514 
741 
962 

1,302 
195 

1.897 
542 
247 
197 
906 

2,759 

1,000 

trips 

1,358 

1,946 

3,909 

3,767 

602 

4,077 

1,181 

462 

258 

1,  966 

4,382 

1,000 

trips 

842 

792 

1,325 

2,511 

75 

1.130 

505 

314 

51 

755 

1,611 

1,000 

trips 

179 

111 

97 

206 

3 

59 

77 

45 

33 

72 

152 

1,000 
trips 
19 
23 
8 
11 
(2) 
20 
6 
5 
2 
6 
10 

1,000 
trips 
14 
16 
(2) 

3 
(2) 
(2) 
2 
2 
(2) 

8 
(2) 

1,000 
trips 
39, 080 

Kansas .  . 

49.  679 

Louisiana 

52, 844 

Minnesota 

71,786 

New  Hampshire 

10, 948 

Pennsyl  van  ia 

130, 130 

South  Dakota. 

12,524 

Utah 

10,  284 

Vermont.- 

9,297 

Washington 

47,  892 

Wisconsin 

110,080 

Total 

184, 952 

138,  916 

113,521 

41,855 

20.  030 

10.  262 

:•:■;.  mis 

9,911 

1,034 

110 

45 

544,  544 

PERCENTAGE  OF  TOTAL  NUMBER  OF  TRIPS 


Florida 

Kansas 

Louisiana 

Minnesota 

New  Hampshire 
Pennsylvania... 
South  Dakota... 

Utah 

Vermont. 

Washington 

Wisconsin 

Total 


Percent 
28.5 
35.5 
27.9 
28.7 
24.7 
41.3 
22.5 
44.5 
34.0 
36.6 
33.0 


34.0 


Percent 
29.2 
25.6 
22.3 
28.9 
32.0 
25.7 
20.2 
19.1 
30.3 
19.7 
25.9 


25.5 


Percent 
21.8 
20.9 
23.9 
20.8 
23.  C 
19.0 
24.8 
15.7 
21.2 
20.3 
21.2 


20.8 


Percent 
9.3 
7.6 
9.1 
7.7 
:  'i 
!  6 
9.9 
6.4 
6  0 
9  9 
8.0 


Percent 
3.7 
3.1 
4.8 
3.0 
3.8 
2.9 
4.1 
3.8 
2.7 
5.7 
3.8 


3.7 


Percent 
1.3 
1.5 
1.9 
1.8 
1.8 
1.4 
4.3 
2.4 
2.1 
1.9 
2.5 


1. 


Percent 
3.5 
3.9 
7.4 
5.2 
5.5 
3.1 
9.4 
4.5 
2.8 
4.  1 
4.0 


4.4 


Percent 
2.1 
1.6 
2.5 
3.5 
.7 


Percent 

0.5 

.2 

.2 

.3 


<3) 


.2 


Percent 
0.1 
.1 
(3) 


(3) 
(3) 


(3) 
(3) 
(3) 


(3) 


Percent 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 


(3) 
(3) 
(3) 
(3) 


.1 


0) 


Percent 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 


100 


CUMULATIVE  PERCENTAGE  OF  TOTAL  NUMBER  OF  TRIPS 


Florida 

Percent 
28.5 
35.5 
27.9 
28.7 
24.7 
41.3 
22.5 
44.5 
34.0 
36.6 
33.0 

34.0 

Percent 
57.7 
61.1 
50.2 
57.6 
56.7 
67.0 
42.9 
63.6 
64.3 
56.3 
58.9 

Percent 
79.  5 
82.0 
74.1 
78.4 
80.3 
86.0 
07.5 
79.3 
85.5 
76.6 
80.1 

Percent 
88  8 
89.6 
83.2 
86.1 
88.2 
91.6 
77.4 
85.7 
91.5 
86.5 
88.1 

Percent 
92.5 
92.7 
88.0 
89.1 
92.0 
94.5 
81.5 
89.5 
94.2 
92.2 
91.9 

Percent 
93.8 
94.2 
89.9 
90.9 
93.8 
95.9 
85.8 
91.9 
96.3 
94.1 
94.4 

Percent 
97.3 
98.1 
97.3 
96.1 
99.3 
99.0 
95.2 
96.4 
99.1 
98.2 
98.4 

Percent 
99.4 
99.7 
99.8 
99.6 
100.0 
99.0 
99.2 
99.5 
99.6 
99.8 
99.9 

Percent 
99.9 
99.9 
100.0 
99.9 
100.0 
100.0 
99.8 
99.9 
100.0 
100.0 
100.0 

Percent 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
99.9 
100.0 
100.0 
100.0 
100.0 

Percent 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

Percent 

Kansas 

Louisiana 

Minnesota 

New  Hampshire 

Pennsyl  van  ia 

South  Dakota 

Utah 

Vermont 

Washington 

Wisconsin 

Total 

59.5 

80.3 

88.0 

91.7 

93.6 

98.0 

99.8 

100.0 

100.0 

100 

i  Based  on  analysis  of  22,268,882  one-way  trips  performed  by  35,240  trucks  in  these  States. 
'  Less  than  500  trips. 
3  Less  than  0.1  percent. 


Table   10. — Estimated  total  number  of  annual  one-way  trips  over  100  miles  long  traveled  by  passenger  cars  registered  in  11  States  of  origin, 

and  classified  by  State  of  destination  of  individual  trips 


State  of  origin 

State  of  destination 

Florida 

Kansas 

Louisiana 

Minnesota 

New 
Hampshire 

Pennsyl- 
vania 

South 
Dakota 

Utah 

Vermont 

Washing- 
ton 

Wisconsin 

Alabama. 

38, 172 

418 

764 

38, 180 

16, 122 

144,456 

33, 422 

72 

43, 030 

1,556 

130 

130 

960 

108 

594 

3,516 

994 

18, 178 

124, 146 

30, 266 

3,986 

1,498 

430 

86 

5,710 

5,902 

90 
3,474 

80 
1,272 

46 

39, 830 

1,090 

102 

546 

726 

8,994 

1,434 

172 

Arkansas 

1,368 

870 

1,032 

1,060 

168 

1,746,624 

137, 300 

496 

California 

84 

9,044 

280 

1,514 

33, 084 
21,856 

5  716 

Colorado 

1,088 
596 

Connecticut 

Delaware 

86 

456 

7,424 

Florida 

2,048 

G88 

1,204 

23,  858 

3,582 

20,  996 

1,  827,  200 

2,462 

4,  026 

278 

8,518 
6,096 

2,156 

110 

216 

59, 168 

2,398 

119, 550 

842 

436 

612 

110 

152 

536 

56,  724 

5,106,158 

196 

5,554 

5,232 

6,592 

100 
220 
123,418 
2,040 
494 
466 
312 
126 

5,838 
628 

Georgia 

86 

86 

Idaho ._ _ 

1,620 
7,314 
1,442 
73, 950 
3,090 
198 

115,152 
434 
90 
90 
260 
120 
150 

260 

Illinois  

4,496 

4,590 

610 

296 

6, 094 

7,826 

1,140 

1,500 

2,570 

3,814 

424 

6,482 

1,150 

2,060 
292 
344 
330 
720 
873, 324 

288 

29, 806 

12,360 

1,906 

950 

6,564 

904 

10, 444 

381,698 

36,  346 

46,  672 

742 

536, 088 

Indiana 

34, 820 
67  972 

Io  wa. . 

126 

Kansas 

990 

Kentucky 

2,916 

Louisiana 

84 

47,  766 

420 

124, 144 

428 

926 

Maine 

9,366 

286 

Maryland     

324 

602 

994 

Massachusetts 

690 

9,594 

14,926 

1,504 

505,  022 

1,570 

98, 148 

424 

150 

758 
76 

79, 258 

96 

3,376 

1,528 

62 

684 

32, 826 

392 

844 

1  918 

Michigan..  

584 

1,444 
101,304 

158, 378 
322  160 

M  innesota 

Mississippi 

88,  934 
990 

632 

Missouri 

84 

2,610 
360 
916 

2,502 
3,292 
24,  628 

400 
21, 496 

544 
31,824 

116 

8,436 
1  222 

Montana.. 

Nebraska 

134 

136 

538 

2,044 

4,402 

Nevada 

New  Hampshire 

100, 766 
856 

7,056 
1,100,928 

22, 576 
1,560 

New  Jersey.  

98 
8,696 

528 

New  Mexico 

924 

7G 

100 

256 

164 

206 
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Table   10. — Estimated  total  number  of  annual  one-way  trips  over  100  miles  long  traveled  by  passengercars  registered  in  11  Slates  of  origin, 

and  classified  by  State  of  destination  of  individual  trips — Continued 


State  of  origin 

State  of  destination 

Florida 

Kansas 

Louisiana 

Minnesota 

New 
Hampshire 

Pennsyl- 
vania 

South 
Dakota 

Utah 

Vermont 

Washing- 
ton 

Wisconsin 

New  York 

12,  708 

_•:;.  v.ii 

68 

6.056 

584 

100 

4,482 

202 

8,336 

4.  458 

274 

562 

4,124 

284  538 

2.042 

1,076 

70 

98 

048 

1.872 

41,380 

902 

1,606 

2,396 

126 

396 

1,812 

256 

162 

72 

200 

2,  296 

14, 820 
84 

1,368,620 

14, 120 

244 

837.310 

1,578 

114 

4,419,820 

4,126 

2,620 

228 

4,  620 

1,682 

2,520 

902 

28, 172 
116 

1,620 
160 

1,066 

204 

382 

343,  286 

160 

9,522 

1!  662 

89, 242 

1 ,  786 

1,214 

640 

720 

660 

62,812 

1.048 

2,308 

196 

20,  480 
186 
258 
952 

4  032 

Ohio  .- 

534 

492 

152 

4,188 

232 

8,  896 

424 

1,284 

3,032 

116 

586 

560 
12, 698 

2,256 

68 

698. 396 
184 

706 
272 

904 

11,084 

Tennessee ..  - 

13,  486 

2.  894 

6,  868 
93, 052 

224 
84 

90 

570 

314,  246 

1,650 

Texas . 

774 
2,  356 

2,  268 

Utah 

462 

340 

2.980 
220 
618 
976 
168 
5, 042 
2.594 
220 

34,  402 
252 

5,206 

94,218 

142 

159,020 

3,  694 

490 

294,  168 

55,  096 

366 

73, 884 

380 
2.196 

352 
1,906 
9.136 
1,718 
2,944 
2.610 

304 

162 
388 
130 
528 
848 
1,756 

2,158 

286 

157,866 

1,748 

1.096 

31,142 

1,284 

86 
2,450 

46 
1,882,  136 

472 

Washington. . 

3,302 

558 

124 

Wisconsin 

5,870 
10,  748 

2,  336 

794 

90 

148,118 

210 

8,  960 

428 

in; 

4,876 

296 

76.  274 
3,618 

3,277,310 

84 

880 

15,  532 

1,534 

District  of  Columbia _  _. 

402 

26, 328 

1.510 

Canada 

Mexico 

13, 678 
748 

Total 

2.056,412 

3,  092,  706 

1,172,848 

5,737,020 

366,  038 

9, 090,  492 

981.988 

712,052 

254,038 

2,  528. 100 

4.497,614 

Table   11. — Esti?nated  total  number  of  annual  one-way  trips  over  100  miles  long  traveled  by  trucks  registered  in  11  States  ef  oiigin,  and 

classified  by  Slate  of  destination  of  individual  trips 


State  of  origin 

State  of  destination 

Florida 

Kansas 

Louisiana 

Minnesota 

New 
Hampshire 

Pennsyl- 
vania 

South 
Dakota 

Utah 

Vermont 

Washing- 
ton 

Wisconsin 

Alabama . 

38,  538 

70 

23 

Arizona 

2,990 

Arkansas . 

2,134 

52 

13,  748 

34,  250 

California ..  . 

44 

40 

5,242 
7,958 

8,296 

176 

Colorado 

10.  704 

Connecticut 

3,576 

1,318 

14,  238 

190 

544 

2,078 

Delaware 

Florida 

930,  621 
49,  568 

Georgia 

44 
50 

12,  609 
5,827 

97. 133 

Idaho 

68 
924 

34 

43,992 

460 

59,  912 

52,  786 
110 

Illinois 

220 
121 

2.  504 
776 

2.  512 

581,866 

652 

2,294 
86 

361,321 

Indiana 

2, 866 

Iowa 

36, 182 

110 

Kentucky 

137 
126 

4,224 

176 

Louisiana 

1,266,240 

Maine 

1 1,850 

72 

Maryland. 

5,321 

71,294 

4.114 
764 

176 

Massachusetts. 

38, 142 

12,604 

Michigan 

133 

15,  566 
154 

378 
2, 4S9,  410 

204 

75.  605 

28,  570 

201,889 

Mississippi 

250 

30,  856 
136 

Missouri 

233,  474 

38,  565 

132 

306 
8,020 
19,  652 

176 

Montana _ 

598 

17,472 
110 

26,  368 

2,556 

176 

Nevada 

11,122 

New  Hampshire. 

13,  990 
220 

9,426 
4,830 

New  Jersey 

45 

34,  420 

New  Mexico 

716 

66 

New  York 

2,504 
4,251 

56 

2,156 

371,576 
394 

36,  822 

176 

North  Carolina 

60 

North  Dakota 

60 

60 

55,  618 

54,  566 
277 

5,018 

176 

Ohio 

180 

154, 188 

1,078 

Oklahoma 

60 

Oregon . . 

40 

497,  144 

54 

32 

80,  058 

Pennsylvania 

2,077 

4,026 
86 

Rhode  Island 

6.600 

South  Carolina  

3,599 

South  Dakota 

60 

7,689 

463,  604 

110 

176 

4,921 
148 

546 
95, 366 

32 

Texas . 

5,690 

96 
235, 788 

Utah 

2,260 

Vermont 

228 
6,246 

11,862 

Virginia 

2,070 

60 

176 

936 

676, 740 

West  Virginia 

47 

32,  678 

Wisconsin.. 

20,  907 

1,092,571 

364 

7,752 

43,  918 

110 

District  of  Columbia 

8,913 

13,  622 
332 

Canada 

516 

132 

3,654 

3,132 
228 

64 

Total 

1, 053,  790 

942,  434 

1,  427,  650 

2,  730,  606 

78. 970 

1,  210,  192 

590, 040 

367,  720 

85,  460 

839,  466 

1,  773,  096 

52 


PUBLIC  ROADS 


Vol.  20,  No.  3 


I'll 
BO 
60 
40 
20 

\ 

\ 

^ 

^~~\^ 

^ — - 

0  510    10   30  40   SO 


100 
LENGTH  OF  ONE-WAY  TRIP  -  MILES 


Figure  3. — Percentage  of  Total  Vehicle-Miles  by  Pas- 
senger Cars  and  Trucks  Traveled  on  Trips  Exceeding 
Various  Lengths. 

adjoining  States,  and  other  States,  providing  another 
indication  of  the  dispersion  of  motor-vehicle  travel. 
It  should  be  noted  that  even  on  these  longer  trips  a 
very  high  percentage  of  the  destinations  was  in  the 
State  of  origin  or  in  an  adjoining  State. 


Table    12. — Destination  of  motor-vcfiicle  travel  in 
one-umy  trips  over  100  miles  long 


11   Stales  on 


PASSENGER  cars 


Destination  of  trips  in- 

State  of  oriL'in 

State  of 
origin 

Adjoining 
States 

Other 
States 

Total 

Percent 
84.9 
55.5 
74.5 
89.0 
27.5 
4X.  6 
71.1 
41.  1 
29.1 
74.4 
72.9 

Percent 
8.5 
37.4 
19.2 

S    (I 

60. 6 
43.7 
23.9 
45.0 
61.5 
21.5 
24.  1 

Percent 
6.6 
7.1 
6.3 
3.0 

11.9 
7.7 
5.0 

10.  9 
9.4 
4.  1 
3.0 

Percent 

100 

HID 

100 

Kill 

100 

Kill 

100 

I  tali           . .  . 

100 

Vermont 

100 

Washington .  -  ... 

100 

Wisconsin 

100 

TRUCKS 


Florida 

Kansas. 

Louisiana . 

Minnesota..   .. 
New  Hampshire. 

Pennsylvania 

South  Dakota 

Utah 

Vermont 

Washington 

Wisconsin 


mo 
loo 

KID 
HID 
(II) 
100 
10(1 
100 

Mil 

Hill 

100 


PASSENGER  CARS  AND  TRUCKS 


Florida 

Kansas . 

Louisiana . 

Minnesota 

New  Hampshire. 

Pennsylvania 

South  Dakota 

Utah 

Vermont 

Washington 

Wisconsin 


Si,   II 

56.9 

SI. 7 
so.  7 
25  s 
47.7 
73.9 
50.  1 
25.  3 
75.7 
71.9 


8.5 
37.  1 
15.1 

7.6 
61.6 
45.  1 
22.  1 
41.8 
64.5 
20.  4 
25.  1 


5.5 

6.0 

3.  2 

2.7 

12.0 

7.2 

4.0 

8.  1 

10.  2 

3.9 

2.7 

Mill 
100 

no 
inn 

100 

Hill 
Hill 
10(1 
100 

nn 

100 


In  addition  to  the  distribution  of  the  number  of  trips 
in  various  mileage  ranges,  the  total  vehicle-miles  in- 
volved in  these  trips  have  also  been  computed  and  are 
presented  in  table  13  ami  figure  3.  Here  another 
aspect  of  motor-vehicle  use  is  shown.  For  passenger 
cars,  while  trips  of  less  than  5  miles  constituted  38.4 
percent  of  the  total  number  of  trips,  they  accounted  for 
but  O.G  percent  of  the  total  vehicle-miles  of  travel 
partly  or  wholly  on  rural  roads.     Trips  of  less  than  20 


miles,  accounting  for  85.0  percent  of  all  trips,  involved 
but  40.9  percent  of  the  total  vehicle-miles  of  travel. 
Trips  classified  in  mileage  groups  from  20  miles  upward 
were  responsible  for  a  much  larger  percentage  of  travel 
than  of  total  trips.  In  the  higher  mileage  brackets, 
trips  in  the  range  from  50  to  249.9  miles  were  only  4.0 
percent  of  the  total  number  of  trips,  but  they  accounted 
for  28.6  percent  of  vehicle-miles  traveled  outside  city 
limits. 

These  characteristics  were  similar  but  less  pronounced 
for  trucks.  Thirty-four  percent  of  the  total  number  of 
one-way  truck  trips  was  classified  as  extending  less 
than  5  miles,  accounting  for  but  4.9  percent  of  the  total 
vehicle-miles  of  travel;  and  trips  of  less  than  20  miles, 
or  80.3  percent  of  all  trips,  constituted  33.9  percent  of 
the  mileage  traveled  wholly  or  partially  on  rural  roads. 

Table  13. — Number  of  trips  and  vehicle-miles  traveled  by  vehicles 
which  went  outside  city  limits  in  11  States 

PASSENGER  CARS 


Length  of  one-way  trip  from  point 
of  origin  (miles) 

Number 

of  trips 

Travel 

0to4.9 

1,000  trips 

835, 059 

576,  295 

438,  222 

143,  765 

61,923 

27,  784 

61,232 

25,743 

3,  628 

825 

489 

Percent 

38.4 

26.5 

20.1 

6.6 

2.8 

1.3 

2.8 

1.2 

.2 

.1 

(') 

Million 

rehicle-mites 

2, 087.  6 

4, 322.  2 

6,  573.  3 

3,  594.  1 
2,  167.  3 
1, 250. 3 

4,  592.  4 
4,  505.  0 
1,360.5 

618.8 
733.5 

Percent 
6.6 

5.0  to  9.9...   

13.6 

10.0  to  19.9     . 

20.7 

20  0  to  29.9     . 

11.3 

30.0  to  39.9 

6.8 

40.0to49.9 

3.9 

50.0  to  99.9     . 

14.4 

100.0  to  249.9 

14.2 

250.0  to  499.9 

4.3 

500.0  to  999.9... 

1.9 

1,000.0  and  over  .. 

2.3 

Total... 

2,174,985 

100.0 

31,805.0 

100.0 

TRUCKS 


0  to  4  9 

184, 952 

138,916 

113,521 

41,855 

20,  030 

10,  262 

23,  908 

9,911 

1,034 

110 

45 

34.0 
25.5 
20.8 

7.7 
3.7 
1.9 
4.4 
1.8 
.2 

(•) 

(') 

462.4 
1,041.9 
1,702.8 

1,046.4 

701.0 

461.8 

1,793.1 

1,  734.  4 

387.8 

82.  5 

67.5 

4.9 

5.0  to  9.9     . 

11.0 

10.0  to  19.9 

18.0 

20.0  to  29.9     

11.0 

30.0  to  39.9     .              ...   ... 

7.4 

40.0  to  49.9 

4.9 

50.0  to  99.9   ..         

18.8 

100  0  to  249.9                 .   .    .    

18.3 

250.0  to  499.9 -- 

4.1 

500.0  to  999.9     . 

.9 

1,000.0  and  over             .  .  .  

.7 

Total 

544,  544 

100.0 

9,  481.  6 

100.0 

PASSENGER  CARS  AND  TRUCKS 


0  to  4.9..  

1,020,011 

715,211 

551,743 

185,  620 

81,953 

38, 046 

85, 140 

35,  654 

4,  662 

935 

534 

37.5 

26.3 

20.3 

6.8 

3.0 

1.4 

3.1 

1.3 

.2 

.1 

.    0) 

2,  550. 0 

5,  364.  1 
8,  276. 1 
4,  640.  5 
2,  868.  3 
1,  712. 1 

6,  385.  5 
6.  239.  4 
1.748.3 

701.3 
801.0 

6.2 

5  0  to  9.9     . 

13.1 

10  0  to  19.9     . 

20.1 

20  0  to  29.9   

11.2 

30  0  to  39  9 

6.9 

III  II  In    III  H 

4.1 

50  0  to  99.9 

15.5 

100.0  to  249.9     . 

15.1 

250  0  to  499.9 

4.2 

500  0  to  999  9 

1.7 

1,000.0  and  over 

1.9 

Total 

2,  719,  509 

100.0 

41,  286.  6 

100.0 

i  Less  than  0.1  percent. 

AVERAGE  TRIP  LENGTH  ONLY  15.2  MILES 

One-way  truck  trips  less  than  50  miles  long  constituted 
93.0  percent  of  all  truck  trips  outside  city  limits  and  ac- 
counted for  57.2  percent  of  all  truck  travel  performed 
wholly  or  partially  on  rural  roads.  Trips  less  than  100 
miles  long  accounted  for  98.0  percent  of  such  truck  trips 
and  76.0  percent  of  all  truck  travel  on  rural  roads. 
Corresponding  figures  for  trips  less  than  250  miles  were 
99.8  percent  of  the  number  of  trips  and  94.3  percent  of 
travel.     It  may  be  noted,  however,  that  for  distances 
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over  250  miles,  the  passenger  car  was  used  relatively 
more  than  the  truck.  Thus,  passenger-car  and  truck 
trips  of  250  miles  or  more  were  0.3  and  0.2  percent,  re- 
spectively, of  total  number  of  trips,  while  the  travel 
generated  was  8.5  percent  of  total  passenger-car  ve- 
hicle-miles, and  but  5.7  percent  of  all  vehicle-miles  of 
travel  by  trucks  performed  wholly  or  partially  on  rural 
roads. 

Computations  have  also  been  made  in  this  study  of 
the  mean  and  median  lengths  of  trips  involving  the  use 
of  roads  in  unincorporated  areas  by  residents  of  various 
governmental  jurisdictions.  Results  are  given  in 
table  14.  For  the  purpose  of  this  particular  presenta- 
tion, unincorporated  areas  and  incorporated  places  with 
a  population  of  2,500  or  less  have  been  grouped  to- 
gether, because  motor-vehicle  owners  resident  in  these 
two  classifications  were  considered  to  have  travel 
characteristics  sufficiently  similar  to  warrant  their 
combination.  For  motorists  of  these  smaller  cities, 
rural  roads,  either  primary  or  purely  local,  are  approxi- 
mately as  easily  accessible  as  such  roads  are  to  strictly 
rural  motorists. 

Figure  4  shows  that  for  both  passenger  cars  and 
trucks  the  mean  and  median  lengths  of  one-way  trips 
thaE  extended  outside  city  limits  were  greatest  for  the 
largest  place  of  residence  of  the  owners.  Thus  the 
mean  length  of  trips  made  by  passenger  cars  owned  by 
residents  of  unincorporated  areas  and  places  of  2,500  or 
less  inhabitants  was  10.0  miles,  while  for  residents  of 
cities  having  in   excess  of   100,000   persons  the   mean 


length  was  37.1  miles.  Corresponding  values  for 
median  trip  lengths  were  5.9  and  10.3  miles.  Figures 
for  trip  lengths  for  trucks  were  somewhat  higher  for  all 
places  of  origin  except  the  largest  cities. 

The  mean  one-way  trip  length  for  combined  pas- 
senger-car and  truck  travel  for  all  governmental  juris- 
dictions was  15.2  miles,  and  the  median  trip,  7.4  miles. 

The  relative  effect  of  the  size  of  cities  on  highway  use 
is  also  strikingly  illustrated  in  tables  15  and  10  and 
figure  5,  which  show  the  average  number  of  trips  made 
outside  cities  by  motor-vehicle  owners  of  cities  of 
various  sizes.  As  in  previous  tables,  a  single  round 
trip  starting  inside  the  city  and  going  to  some  place 
outside  the  city  limits  was  considered  as  two  one-way 
trips  for  purposes  of  mileage  classification.  Thus,  the 
average  passenger-car  owner  resident  in  cities  having 
from  2,501  to  10,000  population  went  outside  tin1  city 
of  residence  for  75  round  trips  less  than  10  miles  long, 
or  as  it  has  been  expressed  in  table  15,  for  150  one-way 
t  rips  less  than  5  miles  long. 

Trips  which  extended  tor  one-way  distances  of  50 
miles  or  more  were  made  approximately  the  same  num- 
ber of  times  during  the  year  by  the  average  passenger- 
ear  operators  resident  in  all  sizes  of  cities.  However, 
the  average  number  of  trips  extending  beyond  city 
limits  in  the  shorter  trip-length  ranges  decreased  rapidly 
with  increased  size  of  the  city  of  residence.  For  ex- 
ample, table  15  shows  that  residents  of  cities  having 
populations  of  over  100,000  made  about  one-half  as 
many  trips  in  the  20.0-  to  29.9-mile  trip-length  range, 


Table   14.     Length  of  trips  traveled  outside  city  limits  '"/  vehicles  registered  in  the  various  population  groups  in  11  States 
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Florida 
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Washington 
Wisconsin 
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9.6 
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9  s 
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7.  1 


1  This  is  the  one-way  distance  of  all  trips.    A  trip  from  Washington,  1).  I  more,  Ml  ,  and  return  would  be  considered  as  2  trips  of  10  mi 

2  The  mean  shows  the  arithmetical  average  length  of'all  trips. 

3  The,  median  indicates  the  length  of  that  trip  below  and  above  which  equal  numbers  of  trips  occur. 
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Figure  4. — Mean  and  Median  Lengths  of  One-Way  Trips 
That  Went  Outside  of  City  Limits  by  Vehicles  Regis- 
tered in  Various  Population  Groups. 

Table   15.-    Average  number  of  one-way  trips  oj  various  lengths 

traveled  outside  city  limits  by  passenger  cars  registered  in  various 
population  groups 


LenEth  of  one-way  trip  in  miles 

Average  number  of  one-way  trips  traveled  by 
passenger  cars  registered  in  cities  having  popu- 
lations of — 

from  poinl  of  origin 

2,501 

to 
10,000 

10,0111 

to 
25,000 

25,001 

to 
100,000 

M  ore 
than 

100.00(1 

0  to  4.9 

S  0  to  9  0 

1 50 
126 
96 
38 

18 
8 
26 

84 

84 
92 
32 
18 
10 
28 

40 
56 
R0 
30 
14 
6 

!8 
!34 

It 

10.0  to  19  9 

20  0  to  20  9 
30  0  to  30  9 
40  0  to  49  0 

16 

11) 

50  0  and  over 

Total 

462 

348 

128 

Table  16.  Percentage,  of  trips  of  various  lengths  traveled  outsidt 
city  limits  by  passenger  ears  registered  in  various  population 
groups 


Length  of  one  way  trip  in  miles 

Percentage  of  trips  traveled  by  passenger  ears 
registered  in  cities  having  populations  of 

from  point  of  origin 

2,501  to 
10.000 

10.001  to 
25,1100 

.'",001  to 
100,000 

More  than 
100,000 

0  to  4.9. ._.. 

32.5 
27.3 
20.8 
8.2 
3  9 
1.7 
5.6 

24.1 
24.1 
26.4 
9.2 
5.2 
2.9 
8.1 

17.1 
23.9 
25.6 
1 2  8 
6.0 
2.6 
12.0 

10.9 

21.9 
26  6 
12  5 

7   8 

3.  1 

17.2 

5.0  to9.9 

10.0  to  19.9 

20.0  to  29.9 

30.0  to  39.9 

40.0  to  49.9 ... 

50.0  and  over 

Total 

100.0 

100.0 

100.0 

100  0 

one-third  the  number  in  the  10.0-  to  19.9-mile  range, 
and  one-tenth  as  many  trips  in  the  0  to  4.9-mile  range, 
as  did  residents  of  cities  having  populations  of  2,501  to 
10,000. 

This  smaller  number  of  short  trips  by  vehicles  owned 
in  the  larger  cities  is  to  be  expected  because  of  the  greater 
area  covered  by  the  larger  cities.  Since  the  analysis 
involved  only  those  trips  that  extended  beyond  city 
limits,  a  large  number  of  the  shorter  trips  made  by 
residents  of  large  cities  did  not  extend  beyond  the  city 
limits  and  are  not  included  in  those  trips  shown  here 
It  is  probable  that  vehicle  owners  resident  in  the  larger 
cities  make  as  many,  or  possibly  more,  individual  trips 
per  year  as  do  residents  of  the  smaller  cities.  Many  of 
those  trips,  however,  are  confined  within  the  rather 
extensive  city  limits. 

DATA  EXPLAIN  TRAFFIC  CONGESTION  NEAR  LARGE  CITIES 

These  data  should  not  be  considered  as  evidence  that 
the  vehicle  owner  in  smaller  cities  makes  more  trips  per 
year  than  does  the  owner  resident  in  the  larger  cities. 
Rather,  the  data  are  an  indication  that  the  rural  high- 
way is  of  greater  interest  to  the  vehicle  owner  of  large 
cities  for  long  trips  than  for  short  ones,  and  that  the 
rural  highways  serve  vehicle  owners  resident  in  the 
smaller  cities  for  local  I  ravel  purposes  to  a  much  greater 
extent  proportionally  than  they  do  residents  of  large 
cities.  That  is,  for  those  trips  extending  to  rural  por- 
tions of  the  highway  system  there  is  proportionally  a 
greater  interest  in  longer  trips  by  the  residents  of  a  large 
city  than  by  the  residents  of  small  places.  Table  1(1 
illustrates  this  point.  Passenger-car  owners  resident 
in  cities  of  2,501  to  10,000  population  made  32.5  percent 
of  their  trips  involving  rural  highways  within  the  0  to 
4.9-mile  trip-length  range,  while  the  residents  of  cities 
of  over  100,000  population  made  only  10.9  percent  of 
their  out-of-city  trips  within  that  travel  range.  The 
percentages  for  trips  of  50  miles  or  more  one  way  were 
5.6  and  17.2  percent,  respectively. 

These  trip-length  data  indicate  that  much  of  the 
dense  traffic  often  resulting  in  congestion  on  rural  por- 
tions of  highways  near  city  limits  is  composed  of  a 
multitude  of  cars  making  short  trips  originating  within 
the  city.  Heavily  traveled  sections  of  highway  extend 
greater  distances  from  the  limits  of  large  cities  than 
from  smaller  cities  because  of  the  greater  con  ent ration 
of  vehicles  in  the  city  and  also  because  of  the  higher 
percentage  of  longer  trips. 

Facts  derived  from  road  use  data  provide  important 
guidance  in  outlining  future  highway  policies,  in  regard 
to  both  physical  and  financial  plans.  The  extent  and 
location  of  the  improvements  made  on  the  primary 
highway  system  are  of  considerable  importance  to  all 
residents  of  the  State.  Except  for  I  hose  who  live  in  the 
largest  cities,  all  motorists  in  the  State  use  the  primary 
highway  system  more  than  any  other  class  of  roads. 
The  condition  of  (his  sytem,  therefore,  is  of  comparable 
interest  to  all  motorists  except  those  residing  in  the  larg- 
est cities.  The  latter  do  the  greatest  part  of  their 
traveling  on  city  streets.  On  the  other  hand,  it.  is 
significant  that  these  motorists,  resident  in  large  cities, 
because  of  their  large  numbers,  are  responsible  for  a 
considerable  amount  of  the  total  travel  on  primary 
highways.  Therefore,  their  interest  in  such  roads, 
although  comparatively  less  per  motorist  than  for  other 
residents  of  the  State,  is  still  very  large  in  the  aggregate. 

{Continued  on  j  age  62) 
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Reported  by  J.  T.  PAULS,  Senior  Highway  Engineer,  and  J.  K.  GOOI >E,  Junior  Hichwav  Engineer 


Til  10  IMPORTANCE  of  compaction  in  highway 
construction  has  long  been  recognized.  Keren i 
laboratory  and  field  investigations  have  repeatedly 
emphasized  the  value  of  thorough  consolidation  in  both 
the  base  and  surfacing  courses.  Thorough  compaction 
is  known  to  produce  the  following  desirable  results: 

1.  It  increases  interlocking  of  the  aggregate  particles, 
which  is  the  primary  factor  in  developing  a  high  degree 
of  stability. 

2.  It  retards  the  entrance  of  moisture,  thus  prevent- 
ing excessive  loss  of  stability  under  adverse  service  con- 
ditions. 

3.  If  reduces  the  How  of  air  and  water  through  bi- 
tuminous mixtures  and  is  therefore  an  effective  means 
of  lessening  damage  from  weathering  and  Hint  stripping 

In  order  to  obtain  consistently  ;i  high  degree  of  con- 
solidation during  construction,  it  is  essential  to  know 
in  advance  the  limits  of  compatibility  of  the  materials 
used.  Such  tests  as  have  been  employed  to  determine 
the  attainable  density  of  materials,  among  which  are 
dry  rodding,  shaking,  and  various  molding  tests  in- 
volving tamping  and  direct  compression,  do  not  always 
give  consistent  results.  Furthermore,  as  will  be  shown 
in  this  report,  they  fail  to  show  the  maximum  compati- 
bility limits  of  many  aggregates. 

The  Bureau  has  been  using  for  some  time  a  small 
vibrator  !  called  the  voids  determinator  for  the  deter- 
mination of  voids  in  sheet  asphalt  aggregates.  This 
vibrator,  however,  does  not  give  consistent  results  for 
mixtures  containing  high  percentages  of  dust;  and,  since 
the  testing  cylinder  has  a  capacity  of  only  25  cubic 
centimeters,  it  is  not  suitable  for  testing  aggregates 
containing  large  fragments.  Accordingly,  a  new  ma- 
chine has  been  developed  that  produces  more  consistent 
results  and  higher  densities,  and  which  appears  to  he 
equally  satisfactory  for  all  gradations  of  aggregates 
commonly  used  in  both  base  and  surface  construction. 

APPARATUS  CONSISTS  ESSENTIALLY  OF   A   VIBRATING  TARI.K 

The  general  appearance  of  the  newly  developed  test 
apparatus  is  shown  in  the  cover  illustration.  The 
principle  of  its  operation  is  more  clearly  brought  out  in 
figure  1. 

The  machine  consists  essentially  of  a,  floating  table 
that,  is  made  to  move  vertically  in  periodic  motion  by 
rotating  eccentric  masses  rigidly  connected  to  its  lower 
surface.  The  table  is  a  steel  plate  13  h\  24  inches  in 
size  and  %  inch  thick.  It  is  supported  at  each  corner 
by  a  helical  spring  through  which  there  is  a  vertical 
guidepost  on  which  the  table  slides. 

On  the  lower  surface  of  the  table,  mounted  parallel 
to  the  long  axis  of  the  plate,  are  two  shafts  running  in 
ball  bearings  and  geared  to  rotate  at  the  same  speed 
but  in  opposite  directions.     Four  steel  blocks  of  equal 

1  Research  on   Bituminous  Pavin?  Mixtures,   by   W.  J.   Emmons.     PUBLIC 
ROADS,  vol.  7,  No.  10,  December  1926. 


size  and  weight,  are  symmetrically  mounted  at  the  cuds 
of  the  two  shafts,  one  ;it  each  end  of  each  shaft.  The 
size  of  these  blocks  ami  the  speed  at  which  they  are 
rotated  determine  the  magnitude  of  the  unbalanced 
force.  Since  the  two  shafts  rotate  in  opposite  directions 
only  vertical  accelerations  are  imparted  to  the  system. 

The  weight  shafts  are  rotated  at  speeds  of  4,300, 
2,500,  or  1,500  revolutions  per  minute  by  a.  3-horsc- 
power  electric  motor  with  a  3-speed,  V-belt  drive. 

By  trial  if  was  found  thai  the  best  compaction  was 
obtained  with  a  total  eccentric  weight-  of  1,100  grams 
located  l!M,  inches  oil'  center  and  rotating  at,  4,300 
revolutions  per  minute.  For  these  particular  conditions 
the  maximum  centrifugal  force  developed  by  each  of 
the  four  eccentric  masses  is  theoretically  about  338 
pounds.  \\i  the  extreme  upper  and  lower  positions 
these  forces  add  to  give  a  theoretical  total  vertical 
resultant  of  about  1,350  pounds  while  at  tin1  midpoint 
between  these  positions  the  forces  developed  by  the 
weights  on  one  shaft  exactly  balance  those  of  the  other 
shaft  and  the  total  horizontal  resultant  is  0  pound. 

At  a.  frequency  of  4,300  cycles  per  minute  a  powerful 
vibration  is  developed  in  the  entire  mass. 

The  assembly  for  holding  the  aggregate  to  be  tested 
is  bolted  to  the  top  of  the  vibrating  plate  or  table.  It 
is  shown  in  section  in  figure  2.  Its  essential  parts  are 
a  base  plate  and  bottom  plunger  bolted  to  the  table,  a 
cylinder  fitting  over  the  bottom  plunger  and  resting  on 
a  rubber  support,  and  a  top  plunger  which  rests  on  the 
test  material  in  the  cylinder. 

A  micrometer  dial  mounted  on  a  suitable  base  is 
used  in  conjunction  with  a  series  of  calibrated  gage 
blocks  to  measure  the  thickness  of  the  compacted 
specimen  without  removing  it  from  the  cylinder. 

The  fop  plunger  imposes  :i  dead  load  of  1.75  pounds 
per  square  inch  on  the  sample  to  be  compacted.  This 
dead  load  generally  provides  sufficient  confinement  to 
flatten  the  top  of  the  specimen  and  to  prevent  segrega- 
tion of  the  particle  sizes.  Both  the  top  and  bottom 
plungers  have  just-  sufficient  clearance  within  the  cyl- 
inder to  allow  \'n-c  vertical  movement  during  vibration, 
and  each  is  lilted  with  three  bronze  guide  strips  to 
maintain  it  in  a.  position  parallel  to  the  axis  of  (lie 
cylinder.  The  loss  of  line  aggregate  is  held  to  a  mini- 
mum by  the  insertion  of  close-fitting  pasteboard  gaskets 
or  pads  above  and  below  the  test  specimen.  A  suitable 
correction  is  made  in  the  measured  height  of  the  speci- 
men to  allow  for  (he  final  thickness  of  the  pads. 

EQUIPMENT    ADAPTABLE  FOR   TESTING    DIFFERENT    AGGREGATES 

In  making  a  test,  the  first  step  is  to  obtain  an  initial 
or  zero  reading  with  the  micrometer  dial  on  the  com- 
bined height  of  the  two  plungers  with  the  two  paste- 
board pads  compressed  between  the  plungers  by  vibra- 
tion for  a  short  period.  For  this  zero  reading  a  steel 
spacer  gage  of  the  approximate  thickness  of  a  compacted 
specimen  is  inserted  under  the  dial  so  that  its  %-  or 
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Figure  1.     Essential  Elements  of  the  Vibratory 
Compactor. 

1-inch  range  of  travel  will  not  be  exceeded  when  the 
specimen  is  in  place. 

For  tests  in  the  4-inch  cylinder,  which  is  the  one 
used  for  aggregates  up  to  about  1-inch  maximum  size, 
sufficient  aggregate  is  used  to  produce  a  compacted 
specimen  approximately  1%  to  1%  inches  high.  This 
requires  about  750  grams  of  aggregate. 

If  desired,  a  much  smaller  cylinder  may  be  used  when 
testing  fine  aggregates  such  as  soil,  sand,  rock  dust,  or 
sheet  asphalt  aggregate,  and  the  depth  of  the  compacted 
specimen  may  be  reduced  to  1  inch  or  less  and  its  weight 
to  as  little  as  75  grams.  For  very  large  aggregates,  a. 
larger  cylinder  should  be  used  and  the  thickness  of  the 
compacted  specimen  should  be  increased  so  that  it  is  at 
least  one-half  to  three-fourths  inch  more  than  the 
nominal  diameter  of  the  largest  individual  aggregate 
particle.  The  weight  of  the  top  plunger  should  he  such 
that  the  dead  load  is  approximately  I  pound  per  square 
inch  per  inch  of  depth  of  the  compacted  specimen. 

It  is  essential  that  the  loose  aggregate  be  placed  in  the 
cylinder  without  segregation.  When  the  aggregate  to 
he  tested  has  a  large  percentage  retained  on  the  No.  10 
sieve  it  has  been  found  that  the  addition  of  about  50  to 
70  cubic  centimeters  of  kerosene  to  750  grams  of  aggre- 
gate aids  greatly  in  preventing  segregation  and  does  not 
interfere  with  compaction.  The  most  satisfactory 
amount  of  kerosene  seems  to  be  that  which  will  just 
(ill  the  voids  in  the  compacted  aggregate. 

Materials  such  as  fine  soil,  sand,  clay,  etc.,  are  not 
particularly  subject  to  segregation  and,  because  of  the 
greater  difficulty  with  which  air  is  forced  out  of  them 
when  wet,  do  not  always  compact  as  well  with  kerosene 
as  without.     They  are  therefore  tested  dry. 
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Figure  2. 


Cylinder  and  Plunger  Assembly  With 
Measuring  Device. 


For  determining  whether  or  not  to  use  kerosene  it  has 
been  found  that  in  general  the  following  conditions  will 
govern : 

1.  For  aggregates  having  less  than  35  percent  passing 
the  No.  10  sieve,  use  kerosene. 

2.  For  aggregates  having  more  than  50  percent  pass- 
ing the  No.  10  sieve,  test  dry. 

3.  For  aggregates  having  more  than  35  percent  and 
less  than  50  percent  passing  the  No.  10  sieve,  test  both 
with  and  without  kerosene  and  report  the  higher  density 
value  obtained. 

VIBRATION  FOR  20  MINUTES  ADOPTED  AS  STANDARD  PROCEDURE 

All  aggregates  should  be  oven- dried  before  testing, 
since  very  small  amounts  of  water  or  other  liquid,  as 
distinguished  from  the  relatively  large  amount  of 
kerosene  added  in  testing  coarse  materials,  have  a, 
marked  bulking  effect  which  interferes  with  the  obtain- 
ing of  accurate  test,  results.  Drying  is  also  necessary 
in  order  to  obtain  the  true  sample  weights  for  use  in 
calculating  the  density  after  vibration.  Lumps  or 
clods  of  clay  in  the  aggregate  impair  the  accuracy  of  the. 
test  and  should  he  thoroughly  broken  down  before 
placing  the  sample  in  the  cylinder  for  compaction. 

After  the  material  is  placed  in  the  cylinder,  with  a, 
pasteboard  pad  underneath  and  another  on  top,  the 
upper  plunger  is  inserted  and  the.  assembly  is  vibrated 
for  a  period  of  20  minutes.  The  final  reading  is  taken 
with  the  dial,  and  from  this  reading  and  the  initial 
reading  the  over-all  volume  of  the  material  in  the 
cylinder  is  calculated.  This  volume,  the  dry  weight, 
and  the  apparent  specific  gravity  of  the  aggregate  are 
used  in  calculating  the  density.  In  this  report  density 
is  expressed  as  the  percentage  of  aggregate  volume  per 
unit  of  total  volume. 

The  method  of  determining  this  percentage  is  illus- 
trated with  a  typical  example: 
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Apparent  specific  gravity  2  of  aggregate 2.  67 

Weight  of  aggregate  sample,  grams 730 

Volume  of  vibrator-compacted  sample,  cubic  centimeters.  313.  9 
Unit  weight  of  compacted  sample  (grams  per  cubic  centi- 
meter) 736/313.9 2.  35 

2  35 

Density  of  compacted  sample,  (percent)  ftt^X  100 88.  0 

The  densities  of  a  number  of  aggregates  were  deter- 
mined for  various  periods  of  vibration  up  to  a  maximum 
of  60  minutes.  The  results  of  these  tests  are  shown  in 
figure  3.  The  asphaltic  concrete  aggregate,  the  sheet 
asphalt  aggregate,  and  the  fine  sand  showed  practically 
no  increase  in  density  after  20  minutes  of  vibration. 
The  sand-clay  and  the  sand-clay-gravel  each  showed  an 
apparent  increase  of  1.1  percent  in  density  for  the  time 
increment  from  20  to  60  minutes,  and  the  micaceous 
soil  showed  an  increase  of  1.4  percent.  It  was  found, 
however,  that  loss  of  dust,  which  became  quite  notice- 
able late  in  the  test  because  of  wear  on  the  gaskets, 
accounted  for  most  of  the  reduction  in  volume  and 
consequent  apparent  increase  in  density  after  the  initial 
20  minutes  of  vibration.  Vibration  for  a  period  of  20 
minutes  has,  therefore,  been  adopted  as  regular  pro- 
cedure for  the  test. 

The  results  of  compaction  tests  on  three  different 
types  of  aggregate  are  shown  in  table  1  and  demonstrate 
the  ability  of  the  apparatus  to  produce  results  that 
check.  The  maximum  variation  in  results  for  these 
tests  was  slightly  under  0.5  percent.  However,  for 
routine  testing  by  various  operators,  this  degree  of 
accuracy  probably  could  not  be  expected. 

Table  1. — Consistency  of  check  tests  using  the  vibratory  compacting 

machine 


Type  of  aggregate 


Sand-clay 

Sand-clay -gravel 

Sheet  asphalt  (sand  and  dust) 


Density  (aggregate  volume  per  unit  of 
total  volume) 


Test 
No.  1 


Percent 
79.4 
86.7 


Test 
No.  2 


Percent 
79.6 

w;  ii 
76.6 


Test 
No.  3 


Percent 
79.6 
86.7 


Test    I  Aver- 
No.  4  |     age 


Percent'  Percent 
79.  6  79.  6 

87.1  |        86.9 
76.7 


In  the  following  tables  and  discussion,  the  results  of 
a  number  of  compaction  tests  using  the  vibratory 
machine  and  several  other  methods  of  compaction  are 
shown.     Table  2  shows  the  comparative  effects  of  vi- 

2  Standard  Definitions  of  Terms  Relating  to  Specific  Gravity,  A.  S.  T.  M.  Desig- 
nation E 12-27. 
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Figure  3. — Densities    of    Various    Types    of    Aggregates 
and  Their  Rates  of  Consolidation. 

bration  and  direct  compression  on  the  grading  of  the 
aggregate  and  demonstrates  that  little  or  no  change  in 
grading  was  produced  by  the  vibratory  method  of  com- 
paction, whereas  direct  compression  resulted  in  sufficient 
crushing  to  alter  materially  the  grading  of  the  aggregate 
samples. 

HIGHER  DENSITIES  OBTAINED  BY  VIBRATORY  METHOD  THAN  BY 
OTHER  METHODS 

A  comparison  of  densities  obtained  by  several  meth- 
ods of  compaction  on  various  types  of  aggregates  is 
shown  in  table  3.  In  the  upper  section  of  the  table 
dealing  with  the  aggregates  for  base  courses,  the  densi- 
ties obtained  from  circular-track  test  sections  built  and 
compacted  under  the  most  favorable  laboratory  condi- 
tions agree  closely  with  those  obtained  by  the  vibratory 


Table  2. — Effect  of  compaction  by  compression  and  vibration  on  breakage  of  various  aggregates 


Method  of  compaction 

Grading 

total  aggregate  passing- 

Type  of  aggregate 

1-inch 
sieve 

54-inch 
sieve 

?s-inch 
sieve 

No.  4 
sieve 

No.  10 
sieve 

No.  40 
sieve 

No.  100 
sieve 

No.  200 
sieve 

Graded,  fine — high  dust  content  ._ 

Percent 

Percent 

Percent 

Percent 
100.0 
100.0 

Percent 
99.7 
99.7 

Percent 
82.5 
82.2 

Percent 

Percent 
15.  5 

Do.__ 

14.7 

100.0 
100.0 

99.4 
99.8 

82  :; 
82.8 

2.4 

Do 

2.8 

Do 

100.0 
100.0 

75.2 
76.9 

18.9 
25.6 

2.2 

Do 

7.5 

100 
100 

92.5 
92.5 

75.8 
75.8 

66.8 
66.6 

63.7 
03.  3 

48.6 
48.3 

9.4 

Do 

Vibration 

'J.  4 

Graded,  coarse— low  dust  content.. 

100 
100 

'.is  3 
98.2 

76.7 
82.0 

55.9 
61.6 

50.0 
52.0 

38.5 
39.8 

11.4 
14.4 

1.8 

Do 

4.1 

100 
100 

90.8 
92.5 

77.0 
80.2 

66.3 
69.8 

47.2 
53  2 

31.7 
36.0 

17.3 

Do 

21.0 

58 
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test.  The  other  methods  of  compaction  shown,  with 
few  exceptions,  gave  considerably  lower  densities. 
Direct  compression  appears  to  be  quite  effective  for  the 
fine-grained  materials,  but,  as  previously  shown,  the 
crushing  of  the  aggregate  in  this  test  renders  the  results 
somewhat  unsatisfactory. 

Table  3. — -Comparison  of  aggregate  densities  obtained  by  various 
methods  of  compaction 


BASE  COURSE  MATERIALS 

i 

Character  of  material  tested 

Density  (abrogate  volume  por  ] 
unit  of  total  volume) 

Plas- 
ticity- 
index 

Pass- 
ing 
No.  200 
sieve 

Sam- 
ples cut 
from 
road 
or 
test 
track 

Aggregates  compacted 
in  laboratory 

Type 

Vibra- 
tory 
method 

Com- 
pres- 
sion 
3,000 

lb./sq. 
in. 

Voids 

de- 
termi- 
nator 

Micaceous  soil 

0 

0 

0 
0 
5 
6 
9 
13 
18 
0 
0 
5 
6 
7 
8 
9 
11 
16 

Percent 
62 

63 

65 
25 
26 
20 
27 
29 
29 
17 
1 
15 
16 
22 
12 
25 
17 
16 

Percent 
53.4 

57.8 

57.0 

74.8 
80.8 
81.2 
79.5 
78  1 
76.2 
82.8 
77.8 
87.0 
89  3 
87.3 
89.1 
83.9 
86.2 
84.0 

Percent 
57.  3 

57.5 

57.0 
80.6 
80.8 
81.4 
79.6 
78.5 
76.3 
89.7 
86.9 
88.0 
89.9 
87.5 
89.9 
86.7 
87.1 
87.2 

Percent 

Percent 

Micaceous  soil  with  3  percent 
cemont 

Micaceous  soil  with  11  percent 
cement _._ 

Sand-clay 

75.3 
81.4 
78.8 
81.4 
82  4 
82.  2 

80  2 

Do 

76  5 

Do 

Do. 

75  6 
75  1 

Do 

73  1 

Do 

71  1 

Sand-clay-gravel _. 

Do 

76.7 

Do. 

Do 

82.9 
83.2 
84  2 
84.1 

Do 

Do 

Do.... 

Do. 

Do 

HOT,  PLANT-MIX  SURFACING  MATERIALS  » 

Sheot  asphalt,  D.  C 

14.9 
12.7 
4.7 
6  0 
4.1 
6.7 
3  3 
4.2 

70.7 
69.3 
82.0 
77.9 
76.4 
81  3 
80.7 
81.6 

76.5 
75.0 
85.9 
80.5 
80.6 
88.1 
86  9 
89  2 

71  4 

Sheet  asphalt,  Ohio 

Fino  bituminous  concrete,  Ohio. 

Do . 

Medium  bituminous  concrete,  Ohio 

Do 

Coarse  bituminous  concrete,  Ohio 

Do... 

■  Samples  taken  from  circular  track  test  sections. 

2  Field  samples  from  pavements.    Laboratory  compaction  tests  made  on  e\-tractod 
aggregates. 

The  densities  obtained  by  means  of  the  new  vibratory 
machine  are  in  general  much  higher  than  those  obtained 
by  the  voids  determinator.3  The  new  apparatus  has 
the  further  advantage  of  permitting  the  testing  of  large- 
size  aggregates.  The  voids  determinator  used  in  pre- 
vious work  of  the  Bureau  is  not  suitable  for  testing 
materials  larger  than  those  passing  the  No.  10  sieve. 

The  lower  section  of  table  3  shows  a  comparison  be- 
tween the  aggregate  densities  of  asphaltic  pavements  of 
the  hot-mix  type  and  the  densities  obtained  by  vibrat- 
ing the  extracted  aggregates  from  these  pavements. 
The  data  shown  indicate  that  construction  operations 
and  traffic  may  not  generally  produce  as  high  densities 
in  hot-mix  pavements  as  are  produced  by  vibrating  the 
dry  aggregates.  The  highly  viscous  binders  apparently 
resist  the  free  adjustment  of  the  aggregate  particles  to 
form  their  densest  possible  arrangement.  This  resist- 
ance is  known  to  be  considerably  less  for  the  liquid 
binders  than  for  the  highly  viscous  ones.  Mixtures 
containing  the  liquid  materials  often  attain  densities 
closely  agreeing  with  the  vibratory  test  results,  which 
accounts  for  the  fact  that  such  mixtures  cannot  safely 

3  Research  on  Bituminous  Paving  Mixtures,  by  \V.  J.  Emmons.    Public  Roads 
vol  7.  No  in,  December  1926.  " 


be  made  as  rich  in  bituminous  material  as  hot  paving 
mixtures  of  comparable  aggregate  grading. 

To  attain  consistently  during  construction  a  satis- 
factory degree  of  compaction  for  any  particular  material 
it  is  necessary  to  know  in  advance  its  compactibility 
limit,  to  have  an  idea  of  how  closely  this  limit  may  be 
approached  by  practical  construction  methods,  and  how 
closely  it  needs  to  be  approached  to  insure  satisfactory 
behavior  provided  the  materials  are  otherwise  satis- 
factory. Tests  have  been  made  on  a  large  number  of 
materials.  The  few  typical  results  given  in  table  4 
illustrate  the  relations  between  field  densities  and  com- 
pactibility limits,  as  determined  by  the  vibratory 
machine. 

For  the  plastic  sand-clay  and  sand-clay -gravel  mate- 
rials that  have  been  found  by  various  tests  to  be  suit- 
able for  base-course  construction,  the  compaction 
obtained  during  construction  appears  to  be  the  deciding 
factor  influencing  service  behavior.  The  importance 
of  consolidation  is  particularly  well  illustrated  in  the 
behavior  of  the  plastic  sand-clay-gravel  referred  to  in 
the  footnote  of  table  4.  This  material,  which  is  repre- 
sentative of  a  group  of  materials  that  showed  similar 
behavior,  was  placed  in  the  test  section  as  a  base 
course  with  insufficient  moisture  to  permit  compaction 
to  the  density  obtained  in  the  vibratory  test.  It  failed 
in  service  as  soon  as  unfavorable  sub-base  moisture 
conditions  were  imposed.  It  was  later  scarified  and 
recompacted  with  a  higher  moisture  content.  It  was 
then  easily  compacted  to  essentially  the  same  density 
as  was  'obtained  in  the  vibratory  test  and  gave  excellent 
service  under  very  adverse  moisture  conditions. 

Table  4. —  Relation  of  density  of  soil-type  bases  to  service  behavior 
for  base  course  materials 


Charactor  of  material  tested 

Density 
(aggregate 

■a 
a 

i 

5 

Grading,  total 
aggregate  passing— 

volume  per 

unit  of  total 

volume) 

Behavior  in  test 
sections 

Typo 

> 

o 
6  "> 

o 
"*? 

.2 
6  w 

o 

.2 
6  w 

&6 

OtJa 

I  fa 

■0  6 

Micaceous  soil    _. 

0 
0 

0 

0 
6 
9 

0 
f       5 
I       5 

Per- 

cent 
98 
98 

98 

100 
100 
100 

51 
48 

48 

Per- 
cent 
76 

77 

78 

71 
51 
68 

31 
31 
31 

Per- 
cent 
62 
63 

65 

25 
20 
27 

17 
15 
15 

Per- 
cent 
57.3 
57.5 

57.0 

80.6 
81  4 
79  6 

89.7 
88.0 
88.0 

Per- 
cent 
53.4 

57.8 

57.0 

74.8 
81.2 
79.5 

82.8 
83.2 
87.0 

Unsatisfactory. 

Micaceous  soil  with  3  per- 
cent cement. 

Micaceaus  soil  with   11 
percent  cemont. 

Sand-clay 

Satisfactory. 
Do. 
Do. 

Do. 

Do    

Do. 

Fairly     satisfac- 

Sand-clay-gravel   

^°}.(Same  material)1 

tory. 
Satisfactory. 
Unsatisfactory. 
Satisfactory. 

•  When  this  material  was  placrd  in  the  roadway  It  had  so  low  a  moisture  content 
that  it  did  not  compact  to  a  satisfactory  density.  It  failed  early  in  service  but  when 
remixed  and  relaid  witli  the  cornet  moisture  content,  it  compacted  to  within  1  per- 
cent of  the  density  obtained  by  vibration  and  gave  satisfactory  service. 

VIBRATORY  METHOD  USEFUL  IN  BLENDING  AGGREGATES  TO 
OBTAIN  DENSE  MIXTURE 

In  highway  base-  and  surface-course  construction  it 
is  frequently  necessary  to  blend  two  or  more  aggregates 
to  provide  a  material  suitable  for  the  intended  use. 
The  vibratory  compactor  provides  a  means  by  which 
the  best  combination  of  two  or  more  available  aggre- 
gates may  be  determined.  The  application  of  this  test 
to  the  design  of  aggregate  blends  and  bituminous 
mixtures  will  be  discussed  in  connection  with  figures 
4,  5,  6,  and  7. 

Figures  4  and  5  illustrate  two  methods  of  using  the 
vibratory  compactor  to  obtain  the  densest  combination 
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Figure  4. — Blending  Corves  for  Crushed  Gravel,  Sand, 
and  Pulverized  Soil.  Aggregate  Numbers  Correspond 
to  Those  in  Table  5. 

of  three  different  aggregates  for  use  as  a  base-course 
material.  For  this  type  of  construction  the  combina- 
tion of  the  available  materials  that  gives  the  densest 
mixture  is  generally  the  most  desirable.  The  three 
aggregates  used  in  producing  the  blending  curves  of 
figures  4  and  5  were  crushed  gravel  (1-inch  maximum 
size),  fine  sand,  and  a  pulverized  soil.  The  densities 
and  the  gradings  of  the  individual  constituents  and  the 
various  blends  are  shown  in  table  5. 

In  the  first  method  illustrated  in  figure  4,  an  initial 
series  of  blends  was  made  of  the  gravel  and  sand  and 
the  densest  blend  of  these  two  materials  was  determined. 
This  blend,  designated  as  aggregate  3  in  table  5,  was 
then  blended  in  various  proportions  with  the  pulverized 
soil,  the  densest  blend  in  this  series  being  presumably 
the  densest  possible  blend  of  the  three  materials.  This 
blend,  designated  aggregate  9  in  table  5,  had  a  density 
of  87.9  percent  aggregate  solids  and  the  following 
composition:  Gravel  72  percent,  sand  18  percent,"  and 
pulverized  soil  10  percent. 


■ 
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Figure  5. — Blending  Curves  for  Crushed  Gravel,  Sand, 
and  Pulverized  Soil.  Aggregate  Numbers  Correspond 
to  Those  in  Table  5. 

A  less  dense  blend  of  the  gravel  and  sand,  selected  at 
random  and  designated  aggregate  4  in  table  5,  was  also 
blended  with  the  pulverized  soil  as  shown  in  figure  4. 
The  highest  density  obtained  by  blending  with  aggre- 
gate 4  was  lower  than  that  obtained  with  aggregate  3, 
indicating  that  the  procedure  of  selecting  the  densest 
combination  of  the  coarse  materials  for  blending  with 
the  fines  was  the  correct  method. 

In  the  second  method,  illustrated  in  figure  5,  the  order 
of  the  tests  was  reversed.  The  initial  series  of  blends 
was  made  with  the  sand  and  pulverized  soil.  The 
densest  blend  of  these,  designated  aggregate  19  in  table 
5,  was  then  blended  with  the  gravel.  The  two  methods 
gave  identical  final  results  both  as  to  maximum  density 
and  proportions  of  the  three  constituents,  the  density 
at  the  high  point  of  the  second  curve  being  again  87.9 
percent  and  the  proportions  of  material  being:  Gravel 
72  percent,  sand  18  percent,  and  soil  10  percent. 

It  is  of  interest  to  note  that  the  grading  of  the  densest 
blend  of  these  three  materials,  which  were  selected  more 


Table  5. — Densities 

and  gradings  of  blended 

aggregates,  sand-clay-gravel  base-course  type 

Composition  of  aggregate 

Density 
(aggre- 
gate 
volume 
per  unit 
of  total 
volume) 

Grading 

total  agfregate  passing- 

Identification 

Coarse 

Fine 

K-inch 
sieve 

?6-ineh 
sieve 

No.  4 
sieve 

No.  10 
sieve 

No.  40 
sieve 

No.  200 

Type 

Amount 

Type 

Amount 

sieve 

1 

Crushed  gravel _. 

Percent 
100 
85 
80 
70 
50 
25 
0 

100 
95 
90 
75 
40 
0 

100 
95 
90 
75 
40 
0 

100 
85 
70 
65 
50 
25 
0 

100 
85 
72 
40 
0 

Sand                            

Percent 
0 
15 
20 
30 
50 
75 
100 

0 
5 
10 
25 
60 
100 

0 
5 
10 
25 
60 
100 

0 
15 
30 
35 
50 
75 
luO 

0 

15 
28 
60 
100 

Percent 
77.9 
82.6 
82.8 
82.1 
79.6 
75.6 
69.6 

82.8 
87.0 
87.9 
86.6 
78.3 
66.2 

82.1 

86.2 
87.6 
86.1 
78.1 
66.2 

69.6 

75.8 
79.5 
79.8 
78.6 
73.3 
66.2 

77.9 
86.3 
87.9 
84.7 
79.8 

Percent 
82.0 
84.7 
85.6 
87.4 
91.0 
95.5 

Percent 
48,  ". 
56.  2 
58  8 
64.0 

74  :; 

87.1 

Percent 
24.  'J 
36.2 
39.9 
47.4 
62.5 
81.2 

Percent 
0.8 
15.7 
20.6 
30.  6 
50.4 
75.2 
100.0 

20.0 
24.  6 
28.  5 
40.5 
68.2 

Percent 
0.3 
12.0 
15.9 
23.8 
39.4 
59.  0 
78.5 

15.9 
20.1 
24.3 
36.  9 
66.4 
100.0 

23.8 
27.  6 
31.4 
42.9 
69.  5 
100.0 

78.5 
SI. 7 
85.  0 

Mi.  0 

89.  3 
94.6 
100.0 

.3 
13.2 
24.3 
51.7 
86.0 

Percent 
0 

2 

do 

do 

.6 

3 _ 

do._ 

do 

.9 

4 

do 

do 

1.3 

5 

do... 

do 

2.2 

6 _ 

do... 

do 

3.2 

7 

do.. 

do 

4.3 

3 

Aggregate  No.  3.  .  .  . 

85.6 
86.3 
87.0 
89.2 
94.2 

58.8 
00.9 
62.9 
69.1 
83.5 

39.9 
42.9 
45.9 
54.9 
76.0 

.9 

8 

do.. 

do 

5.1 

9 

do 

do 

9.2 

10 

do 

do 

22.1 

11 

do 

do 

51.7 

12 

do 

do 

85.  0 

4 

Aggregate  No.  4 

do 

87.4 
88.0 
88.7 
90.6 
95.0 

64.0 
65.8 
67.  6 
73.0 
85.6 

47.  4 

50.0 
52.7 
60.6 
79.0 

30.6 
34.1 
37.5 
48.0 
72.2 

1.3 

13 

do 

do 

5.5 

14 

do 

do 

9.7 

15 

do 

do 

22.4 

16 

do.. 

do 

51.9 

12 

do...  

do 

85.6 

7. 

Sand 

do 

100.0 
100.0 
100.0 
100.  0 
100.0 
100.0 

4.3 

17 

do... 

do 

16.5 

18 

do... 

do 

28.7 

19 

do 

do 

32.7 

20 

do 

do 

45.0 

21 

do 

do 

65.3 

12 

do  

do 

85.6 

1 

Crushed  gravel 

82.0 

84.7 
87.0 
92.8 

48.5 
56.2 
62  'J 
79.4 

24.9 
36.2 

4".  fi 
70.0 

.8 

15.7 

28.5 

60.  3 

100.0 

0 

22 

do _ 

do 

4.9 

23 

do... 

do                              

9.2 

24 

do 

do 

19.6 

19 

do 

do 

32.7 

60 
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or  less  at  random,  conformed  to  the  grading  require- 
ments now  recommended  for  base-course  construction. 
This  relationship  is  shown  in  table  6. 

In  figure  6  is  shown  the  application  of  method  1  in 
blending  crushed  stone,  sand,  and  limestone  dust  for  a 
typical  bituminous  concrete  aggregate.  The  densities 
and  gradings  of  the  various  blends  are  shown  in  the 
lower  section  of  table  7.  As  shown  in  figure  6  a  maxi- 
mum density  of  89.8  percent  solids  was  obtained,  using 

Table  6.—  Comparison  of  grading  obtained  by  blending  sand,  clay, 
and  gravel  for  maximum  density,  with  recommended  grading 
requirements  for  base-course  construction 


Grading,  total  aggregate  passing- 


1-ineh 
sieve 


Maximum-density 
blend 

A.  A.  S.  H.  0.  speci- 
fication for  type  B, 
sand-clay-gravel  base- 


Percent 
100 

mil 


?4-inch 
sieve 


Percent 
87.0 

70-100 


?s-iueh 

No.  4 

No.  10 

No.  40 

sieve 

sieve 

sieve 

sieve 

Percent 

Percent 

Percent 

Percent 

62.9 

45.9 

28.5 

24.3 

50-80 

35-65 

25-50 

15-30 

No.  200 

sieve 


Percent 
9  2 


30  40  50 

fine  aggregate  ■ 

Figure  7. — Blending  Curve  for  Crushed  Limestone  and 
Artificial  Limestone  Sand.  Aggregate  Numbers  Cor- 
respond to  Those  in  Table  7. 

15  percent  of  limestone  dust  with  the  densest  blend  of 
the  stone  and  sand  (aggregate  35,  table  7). 

VIBRATOR  ENABLES  DESIGN  OF  MIXTURES  WITHOUT  OVERFILLING 

VOIDS 

Here  is  an  example  where  too  dense  an  aggregate  for 
practical  use  in  bituminous  concrete  was  obtained  since 
the  voids  remaining  would  only  permit  the  use  of  about 
10  percent  by  volume  or  approximately  5  percent  by 
weight  of  asphalt.  To  produce  a  practical  aggregate 
it  would  be  necessary  to  reduce  its  density.  This  would 
best  be  accomplished  by  reducing  the  dust  content 
since  the  densest  possible  combination  of  the  coarse 
fractions  is  always  desirable.  Reduction  of  the  dust 
content  to  range  between  3  72  and  6  percent  would  reduce 
the  density  to  between  85  and  86.5  percent  solids,  thus 
permitting  the  use  of  approximately  6  to  7  percent 
asphalt  by  weight  and  bringing  the  design  into  line  with 
established  practice. 

Figure  7  shows  a  blending  curve  for  bituminous  con- 
crete aggregate  composed  of  crushed  stone  and  artificial 
limestone  sand  without  dust.  This  type  of  aggregate  is 
used  extensively  in  Ohio.  The  densities  and  gradings 
of  the  constituents  and  blends  are  shown  in  the  upper 
section  of  table  7.     This  type  differs  from  the  previous 


Table  7. — Densities  and  gradings  of  blended  aggregates  of  the  type  used  in  bituminous  concrete 

WITHOUT  MINERAL  FILLER 


C 

omposition  of  aggregate 

1  (ensity 
(aggre- 
gate 

volume 
per  unit 
of  total 
volume) 

Grading,  total  aggregate  passing — 

Identification 

Coarse 

Fine 

?4-inch 

sieve 

96-inch 
sieve 

No.  4 
sieve 

No.  10 
sieve 

No  40 
sieve 

No.  200 

;    Type 

Amount 

Type 

Amount 

sieve 

25 

Crushed  stone 

Percent 
100 
75 
60 
54 
50 
30 
0 

Artificial  sand 

Percent 
0 
25 
40 
46 
50 
70 
100 

Percent 
69.8 
85.9 

87.3 
87.5 
87.4 
85.4 
81.  1 

Percent 
100 
100 
100 
100 
100 
100 

Percent 
90.0 
92.5 
94.0 
94.6 
95.0 
97.0 

Percent 

5.0 

28  8 

4:!.  ii 
48.7 
52.5 
71.5 
100.0 

Percent 
0 

23.  3 
37.3 
42.9 
46.6 
65.2 
93.2 

Percent 
0 
9.3 
14.8 
17.0 
18.5 
25.9 
37.0 

Percent 
0 

26 

do 

do. 

do 

.9 

27 

do 

1.4 

28 

do 

do 

1.6 

29.. 

do 

do. 

1.8 

30.... ---- 

do 

2.5 

31.. 

do 

.  do 

3.5 

WITH  MINERAL  FILLER 


32 

Crushed  stone 

100 

85 

70 
till 
50 
0 

100 
90 

S.ri 

80 

75 
0 

0 
15 
30 
40 
50 
100 

0 
10 

15 
20 

25 
100 

64.  5 
74.7 
81.7 
83  0 
82.  1 
70.8 

83.0 

88  3 
89.8 

89  2 

88,  1 

7.'    1 

100 
100 
100 
100 
100 

0 
15.0 
30.0 
40.0 
50.0 

0 
15.0 
30.0 
40.0 
50.0 
100.0 

40.0 
46.0 
49.0 
52.0 

55.  0 

0 
11.7 
23.4 
31.2 
39.0 
78.0 

31.2 
38.1 
41.5 
45.0 
48.4 

0 
4.5 
9.0 
12.0 
15.1 
30.1 

12.0 
20.8 
25.2 
29.6 
34.0 
100.0 

0 

33 

do 

do 

.3 

34 

do 

ilo 

.6 

35 

do 

do 

.8 

36 

do 

do 

1.0 

37 

do. 

do 

2.0 

35 

Aggregate  No.  35 

do 

Limestone  dust 

100 
100 
100 
100 
100 

40  0 
46  ii 
49.  0 
52  0 
55.0 

.8 

38 

do 

10.4 

39 

do 

do 

15.2 

40 

....do 

do 

19.9 

41 

do 

do 

24.7 

42 

do 

do 

96.4 
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Figure  8. — Blending  Curve  for  Sheet  Asphalt  Sand  and 
Commercial  Limestone  Dust.  Aggregate  Numbers  Cor- 
respond to  Those  in  Table  8. 

example  in  that  the  densest  combination  of  the  two 
aggregate  constituents  provides  sufficient  void  space  for 
the  bituminous  material.  It  is  therefore  desirable  to 
use  the  densest  blend,  this  being  easily  found  by  means 
of  the  vibratory  compactor. 

The  aggregate  void  space  in  the  densest  blend  shown 
in  figure  7  would  permit  the  use  of  about  6  percent 
asphalt,  which  conforms  approximately  to  the  design 
used  successfully  in  Ohio  with  the  same  type  of 
aggregate. 

The  results  of  vibratory  compaction  tests  on  blends 
of  fine  sand  and  limestone  dust  to  give  a  dense  aggregate 
for  sheet  asphalt  are  shown  in  figure  8.  The  densities 
and  gradings  of  the  two  constituents  and  the  blends  are 
given  in  table  8.  A  maximum  density  of  79.9  percent 
solids  was  obtained  with  the  blends  consisting  of  70 
percent  fine  sand  and  30  percent  dust  and  75  percent 
sand  and  25  percent  dust.  Again  the  20  percent  voids 
in  this  blend  provide  insufficient  space  for  the  proper 
amount  of  asphalt  and  the  high  dust  content  would 
produce  an  aggregate  that  would  be  difficult  to  mix  and 
handle. 

Table  8. — Densities  and  gradings  of  hit  nded  aggregates  of  the  typi 
used  in  sheet  asphalt 


Sample  identifi- 
cation 

Composition  of 
aggregate 

Density 

(aggre- 
gate vol- 
ume per 
unit  of 
total  vol- 
ume) 

i  trading,  total  aggregate 
passing — 

Sand 

Lime- 
stone 
dust 

No.  10 
sieve 

No.  40 
sieve 

No.  80 
sieve 

No.  200 
sieve 

43 

44 

45 

46 

47 

48 

Percent 
100 
95 
90 

85 
80 
75 

Percent 
0 
5 

10 
15 
20 
25 
30 
50 
75 
100 

Percent 
71.2 
73.4 
75.6 
77.4 
78.9 
79.9 
79.9 
78.5 
73.7 
68.1 

Percevt 
100 
100 
100 
1(10 
100 
100 
100 
100 
100 
100 

Percent 
81.3 
82.2 
83.2 
84.2 
85  1 
86.  0 
86.  9 
90.  7 
95.  3 
100.  0 

Percent 
33.8 
37.  1 
40.4 
43.7 
47.0 
50.4 
53.7 
66.  !i 
S3.  5 
100.0 

Perct  nt 

3.  5 
8.  i 
12  7 
17.3 
21.9 
26  4 

49 

7(1 

50 

25 

0 

31  0 

50 

51 

52. 

49.4 

72.  -1 

In  this  type  of  construction  the  problem  of  design 
utilizing  the  vibratory  compactor  might  be  attacked 
from  either  of  two  angles: 

1.  The  amount  of  dust  could  be  set  on  the  basis  of 
well-established  practice,  which  woidd  call  for  con- 
siderably less  than  25  percent  dust,  and  the  asphalt 
content  required  to  fill  the  void  space  could  then  be 
determined  by  vibratory  tests  on  the  fixed  aggregate 
blend. 
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Figure  9. — Variation  in  Density  Obtained  by  Vibration 
and  Corresponding  Asphalt  Capacity  of  Sheet  Asphalt 
Aggregates  Containing  Various  Percentages  of  Lime- 
stone Dust  Filler. 


2.  The  amount  of  asphalt  could  be  set  also  on  the 
basis  of  well-established  practice,  and  the  amount  of 
dust  to  be  used  could  then  be  adjusted  by  vibratory 
compaction  tests  on  a  series  of  blends  covering  a  narrow 
range  of  dust  contents  to  produce  an  aggregate  that 
would  hold  the  fixed  amount  of  asphalt. 

Figure  9  illustrates  the  relation  between  asphalt 
capacity  as  determined  by  vibratory  compaction  tests 
and  the  dust  content  of  the  aggregate. 

The  use  of  the  compaction  test  to  coordinate  con- 
tent of  bituminous  materials  and  capacity  for  them 
appears  to  offer  special  possibilities  in  the  design  of 
dense  surfacing  mixtures  where  overfilling  of  the  voids 
might  seriously  impair  stability. 

SUMMARY 

As  shown  in  the  preceding  discussion  the  vibratory 
test  appears  to  offer  valuable  aid  in  connection  with  the 
following  problems  of  design  and  construction: 

1.  Establishment  of  a  definite  optimum  degree  of 
compaction  toward  which  field  compaction  may  be 
aimed. 

2.  Determination  of  the  best  combination  of  two  or 
more  available  aggregates  for  base-course  or  surface 
construction. 

3.  Investigation  of  the  capacity  for  bituminous 
materials  of  certain  aggregates  to  insure  against  over- 
bit  uminization. 

4.  Modification  of  aggregate  blends  to  permit  the  use 
of  sufficient  bituminous  material  for  workability  and 
surface  sealing  without  overfilling  the  void  spaces  and 
destroying  stability. 
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Figure  5. —  Number  of  Trips  Made  by  Vehicles  Registered  in  Various  Incorporated  Places  According  to  Length  of 

One-Way  Trips  That  Went  Outside  of  City-  Limits. 


The  expenditure  of  motor-vehicle  tax  revenue  on 
secondary  highways  and  local  roads  does  not  create 
highway  user  benefits  as  widespread  as  those  created 
by  primary  road  expenditures,  because  these  roads  are 
used  to  a  much  smaller  extent  than  the  primary  system 
or  city  streets.  The  use  of  secondary  highways  and 
local  roads  by  residents  of  unincorporated  areas  and 
small  towns  is  comparable  with  the  use  of  local  city 
streets  by  city  residents. 

The  preceding  data  show  the  extensive  use  of  motor 
vehicles  for  local  travel  and  the  self-imposed  limita- 
tions on  their  use  which  results  in  a  large  percentage  of 
their  travel  being  performed  within  a  surprisingly  small 
area  around  their  place  of  ownership.  Accordingly, 
those  roads  radiating  from  centers  of  population  arc 
very  important  links  in  the  highway  system.  It  is 
apparent,  then,  that  appreciable  portions  of  the  expend- 
itures of  motor-vehicle  tax  revenue  on  the  primary  sys- 
tem, in  order  to  benefit  the  large  cities  properly,  must 
be  so  applied  as  to  alleviate  the  conditions  of  congestion 


and  accompanying  danger  that  exist  within  short  dis- 
tances of  population  centers. 

Data  on  the  use  of  rural  roads  and  city  streets  and  the 
extent  of  such  use  cannot  be  used  alone  to  determine 
adequate  plans  for  a  highway  program.  Road-use 
data  must  be  supplemented  by  data  regarding  the 
condition  of  existing  roads,  by  other  types  of  traffic 
data,  and  by  financial  data.  For  example,  road-use 
information  might  point  to  the  desirability  of  improving 
primary  highway  conditions  in  the  vicinity  of  large 
cities  but  special  traffic  studies  would  be  necessary  to 
determine  whether  improvement  at  a  particular  loca- 
tion should  consist  of  a  by-pass  route  to  accommodate 
an  existing  high  percentage  of  through  traffic  or  whether 
it  should  consist  of  extensions  to  main  city  thorough- 
fares of  adequate  width  and  design  to  accommodate  a 
high  percentage  of  local  traffic  together  with  a  rela- 
tively small  amount  of  through  traffic.  Studied  alone, 
however,  road-use  information  presents  an  essential 
picture  of  highway  operations  and   a  background   of 
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travel  characteristics  which  are  extremely  valuable  in 
projecting  comprehensive  plans  for  a  highway  system 
to  serve  the  best  interests  of  all  motorists. 

SUMMARY 

These  preliminary  analyses  of  road-use  data  indicate: 

1.  Use  of  the  rural  road  facilities  by  urban  motorists 
decreases  with  increase  in  size  of  the  city  in  which  they 
reside. 

2.  Motorists  residing  in  incorporated  places  perform 
71  percent  of  all  travel  occurring  on  primary  highways. 

3.  In  the  case  of  all  motorists  except  those  resident 
in  cities  of  more  than  100,000  population,  more  than 


half  their  annual  travel  occurs  on  primary  highways. 

4.  Motor-vehicle  use  is  largely  comprised  of  short 
trips  for  passenger  cars  as  well  as  for  trucks. 

5.  A  large  amount  of  rural  highway  travel  is  occa- 
sioned by  the  travel  of  city  motor-vehicle  owners 
within  short  distances  of  their  residences. 

6.  The  proportional  amount  of  such  travel  by  urban 
residents  decreases  with  increase  in  the  size  of  the 
cities  in  which  the  vehicle  owners  reside. 

7.  Expenditures  for  rural  highway  facilities  in  the 
vicinity  of  cities,  especially  the  larger  ones,  will  provide 
proportionally  greater  benefits  for  urban  than  for  rural 
motor-vehicle  owners. 
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TOLL  ROADS  AND  FREE  ROADS 


A  SPECIAL  REPORT  by  the  Bureau  of  Public  Roads 
on  the  feasibility  of  constructing  and  operating  as 
a  toll  facility  a  system  of  six  transcontinental  high 
ways  and  on  needed  highway  improvments  was  trans- 
mitted to  Congress  by  the  President  on  April  27,  1939, 
with  a  message  recommending  the  report  for  the  con- 
sideration of  Congress. 

The  report  shows  that 
a  system  of  transcon- 
tinental superhighways 
cannot  be  supported  by 
tolls  and  will  not  solve 
any  considerable  part 
of  the  problem  of  pro- 
viding adequate  high- 
way facilities. 

The  report  was  made 
in  accordance  with  the 
Federal  Aid  Highway 
Act  of  1938,  approved 
June  S,  1938,  which 
directed  the  Chief  of 
the  Bureau  of  Public 
Roads  to  invest  iga  I  e 
and  report  his  findings 
"with  respect  to  the 
feasibility  of  building, 
and  cost  of,  superhigh- 
ways not  exceeding 
three  in  number,  run- 
ning in  a  general  direc- 
tion from  the  eastern 
to  the  western  portion 
of  the  United  States, 
and  not  exceeding  three 
in  number,  running  in 
a  general  direction  from 
the  northern  to  the 
southern  portion  of  the 
United  States,  including 
the  feasibility  of  a  toll 
system  on  such  roads." 

The  report  states  that 
the  building  of  such,  a 
system  is  entirely  feas- 
able  from  a  physical 
standpoint  but  the  sys- 
tem would  not  come 
within  50  percent  of 
being  self-supporting  if 
operated  as  a  toll  facil- 
ity. The  report  adds, 
however,  that  a  system 
of  toll  roads  such  as  the 

Bureau  was  required  to     I 

report  on  does  not  meet 

the  most  urgent  highway  needs,  and  presents  a  master 

plan  designed  to  meet  these  needs. 

In  this  plan  five  classes  of  improvement  are  listed. 
A  bold  attack  on  the  congestion  and  delays  on  main 
arteries  by  constructing  express  highways  through 
cities,  belt-line  distribution  routes  around  them,  and 
bypasses  around  small  towns,  is  proposed.  It  is  also 
proposed  to  create  a  national  system  of  interregional 
highways,  approximately  27,000  miles  in  extent,  by 
modernizing  and  improving  existing  routes  of  1  travel 
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TO  THE   CONGRESS  OF  THE   UNITED  STATES: 

I  transmit  herewith  a  letter  from  the  Secretary  of  Agriculture, 
concurred  in  by  the  Secretary  of  War,  enclosing  a  report  of  the 
Bureau  of  Public  Roads,  United  States  Department  of  Agricul- 
ture, on  the  Feasibility  of  a  System  of  Transcontinental  Toll 
Roads  and  a  Master  Plan  for  Free  Highway  Development. 

The  report,  prepared  at  the  request  of  the  Congress,  is  the 
first  complete  assembly  of  data  on  the  use  being  made  of  our 
national  highway  network.  It  points  definitely  to  the  corrective 
measures  of  greatest  urgency  and  shows  that  existing  improve- 
ments may  be  fully  utilized  in  meeting  ultimate  highway  needs. 

It  emphasizes  the  need  of  a  special  system  of  direct  inter- 
regional highways,  with  all  necessary  connections  through  and 
around  cities,  designed  to  meet  the  requirements  of  the  national 
defense  and  the  needs  of  a  growing  peace-time  traffic  of  longer 
range. 

It  shows  that  there  is  need  for  superhighways,  but  makes  it 
clear  that  this  need  exists  only  where  there  is  congestion  on  the 
existing  roads,  and  mainly  in  metropolitan  areas.  Improved 
facilities,  needed  for  the  solution  of  city  street  congestion,  are 
shown  to  occupy  a  fundamental  place  in  the  general  replanning 
of  the  cities  indicated  as  necessary  in  the  report  "Our  Cities", 
issued  in  September  1937  by  the  National  Resources  Committee. 

The  report  also  points  definitely  to  difficulties  of  right-of-way 
acquisition  as  obstacles  to  a  proper  development  of  both  rural 
highways  and  city  streets,  and  makes  important  and  useful 
recommendations  for  dealing  with  these  difficulties. 

I  call  the  special  attention  of  the  Congress  to  the  discussion 
of  the  principle  of  "excess-taking"  of  land  for  highways.  I  lay 
great  emphasis  on  this  because  by  adopting  the  principle  of 
"excess-taking"  of  land,  the  ultimate  cost  to  the  Government 
of  a  great  national  system  of  highways  will  be  greatly  reduced. 

For  instance,  we  all  know  that  it  is  largely  a  matter  of  chance 
if  a  new  highway  is  located  through  one  man's  land  and  misses 
another  man's  land  a  few  miles  away.  Y'et  the  man  who,  by 
good  fortune,  sells  a  narrow  right-of-way  for  a  new  highway 
makes,  in  most  cases,  a  handsome  profit  through  the  increase 
in  value  of  all  of  the  rest  of  his  land.  That  represents  an  un- 
earned increment  of  profit — a  profit  which  comes  to  a  mere 
handful  of  lucky  citizens  and  which  is  denied  to  the  vast  majority. 

Under  the  exercise  of  the  principle  of  "excess-taking"  of 
land,  the  Government,  which  puts  up  the  cost  of  the  highway, 
buys  a  wide  strip  on  each  side  of  the  highway  itself,  uses  it  for 
the  rental  of  concessions  and  sells  it  off  over  a  period  of  years  to 
home  builders  and  others  who  wish  to  live  near  a  main  artery  of 
travel.  Thus  the  Government  gets  the  unearned  increment  and 
reimburses  itself  in  large  part  for  the  building  of  the  road. 

In  its  full  discussion  of  the  whole  highway  problem  and  the 
wealth  of  exact  data  it  supplies,  the  report  indicates  the  broad 
outlines  of  what  might  be  regarded  as  a  master  plan  for  the  de- 
velopment of  all  of  the  highway  and  street  facilities  of  the  Nation. 

I  recommend  the  report  for  the  consideration  of  the  Congress 
as  a  basis  for  needed  action  to  solve  our  highway  problems. 

FRANKLIN  D.  ROOSEVELT 
THE   WHITE   HOUSE. 
April  27,  1939. 


and   building  new    roads   where   necessary    to    provide 
more  direct  travel. 

In  studying  the  feasibility  of  a  toll  system,  the  Burea  u 
selected  six  routes,  located  in  accordance  with  (lie  terms 
of  the  act,  aggregating  14.336  miles.  Its  detailed 
studies  show  that  the  cost  of  constructing  this  system 

lor  last-moving  traffic, 
without  crossing  other 
highways  or  railroads  at 
grade,  would  be  about 
$2,899,800,000,  which 
is  at  the  average  rate 
<»!'  $202,270  per  mil.-. 

The  average  estimat- 
ed annual  expenditure 
for  the  period  I!I4.'>  lit), 
required  for  financing 
the  construction,  main- 
taining the  property, 
ami  operating  the  facil- 
ity would  he  $184,054,- 
00(1,  which  is  at  the 
average  rate  of  $12,840 
per  mile  per  year. 

Estimates  of  the  po- 
tential traffic  on  the 
proposed  toll  system 
were  based  on  actual 
traffic  counts  on  the 
main  highways  of  the 
country  and  studies  of 
the  character  of  high- 
way travel.  A  number 
of  facts  led  to  the  con- 
clusion that  only  a  small 
portion  of  present  traf- 
fic could  he  attracted  to 
the  toll  system.  Long- 
distance travel  consti- 
f  utes  only  a  small  frac- 
tion of  the  total  travel. 
Counts  made  on  east- 
west  highways  at  sta- 
tions established  on  a 
line  extending  from 
Canada  to  Mexico 
showed  only  300  pas- 
senger vehicles  crossing 
the  line  daily  in  trans- 
continental travel.  The 
system  could  he 
expected  to  serve  ade- 
quately only  that  por- 
tion of  the  traffic  hav- 
ing  origin  and  destina- 
tion close  to  one  of  the 
six  routes.  Access  to  the  highways  would  have  to  he 
controlled  both  for  collection  of  tolls  and  to  prevent 
interference  with  flow  of  traffic  by  entering  vehicles. 
Vehicles  traveling  distances  less  than  the  spacing  of 
access  points  would  not  use  the  toll  roads. 

It  is  estimated  that  the  utilization  of  the  system  would 
average,  during  the  period  1945-00,  12,450,000  vehicle- 
miles  per  day.  Assuming  toll  charges  of  1  cent  per 
vehicle-mile  for  passenger  vehicles  and  an  average  of 
3.5  cents  per  vehicle-mile  for  trucks  and   busses,   this 
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travel  would  produce  an  average  annual  revenue  of 
$72,140,000.  This  is  considerably  less  than  the  $184,- 
054,000  estimated  average  annual  cost  and  leads  the 
Bureau  to  conclude  that  the  system  studied  could  not 
he  supported  by  toll  collections. 

The  portion  of  the  proposed  system  estimated  to  be 
most  nearly  self-supporting  is  the  172  miles  from  a 
point  near  Philadelphia,  Pa.,  to  a  point  near  New 
Haven,  Conn.  With  the  increase  in  traffic  expected 
by  1960,  this  portion  of  the  system  would  earn  slightly 
more  than  the  estimated  cost  for  that  year. 

The  report  states,  "If,  as  an  actual  test  of  the  feasi- 
bility of  a  limited  mileage  of  toll  roads,  it  is  the  desire 
of  the  Congress  to  make  provision  for  the  construction 
of  a  section  of  highway  of  substantial  length  upon  which 
there  is  a  reasonable  prospect  of  the  recovery  of  the 
costs  through  tolls,  it  is  recommended  that  such  provi- 
sion be  made  applicable  to  a  section  of  highway,  prop- 
erly located,  and  extending  from  an  appropriate  point 
near  Washington,  D.  C,  to  an  appropriate  point  near 
Boston,  Mass." 

The  report  recommends  the  construction  of  a  special 
system  of  direct  interregional  highways,  with  all  neces- 
sary connections  through  and  around  cities,  designed 
to  meet  the  requirements  of  the  national  defense  in 
time  of  war  and  the  needs  of  a  growing  peace-time 
traffic  of  longer  range.  A  system  of  such  roads,  in- 
cluding 26,700  miles,  has  been  tentatively  selected  on 
the  basis  of  the  detailed  traffic  data  available.  Exist- 
ing main  highways  can  be  modernized  to  form  a  large 
part  of  the  system  but  some  new  highways  will  be 
needed  to  provide  directness  of  travel.  Although 
these  roads  represent  less  than  1  percent  of  the  total 
mileage  of  rural  roads,  the  Bureau  estimates  they 
would  serve,  when  improved  as  indicated,  at  least  12.5 
percent  of  the  total  vehicle  travel  on  rural  highways. 

More  complete  information  on  the  character  of 
traffic  in  and  near  cities  than  has  heretofore  been 
available  is  presented.  Traffic  maps  in  the  report 
show  that  about  90  percent  of  the  traffic  on  main 
highways  near  the  entrances  to  large  cities  is  bound 
to  or  from  points  in  cities  themselves  and  cannot  be 
bypassed  around  them.  It  is  found  also  that  a  large 
part  of  the  traffic  is  destined  to  or  bound  from  points 
in  the  very  heart  of  the  city  or  points  most  conveni- 
ently reached  by  going  through  the  center  of  the  city. 

There  is  great  need,  the  report  indicates,  for  express 
highways  cut  directly  into  and  through  the  center  of 
the  big  cities.  These  are  needed  not  only  for  service 
of  the  through  traffic  delivered  by  the  main  rural  high- 
ways but  also  for  the  daily  in-and-out  movement  of 
local  traffic  between  the  downtown  section  and  sub- 
urbs centering  about  the  main  highways  at  the  periphery 
of  the  city. 

The  West  Side  Highway  and  Henry  Hudson  Parkway 
in  New  York,  and  the  recently  constructed  express 
highway  in  St.  Louis  are  cited  as  early  examples  of 
such  facilities.  The  provision  of  similar  facilities  in 
Pittsburgh  is  now  receiving  serious  consideration. 

By  preference  such  express  highways  should  be  con- 
structed as  attractively  landscaped  depressed  thorough- 
fares passing  under  all  cross  streets. 

Bypasses — the  remedy  usually  proposed  for  the 
relief  of  congestion  on  through  streets  in  cities — are 
said  to  be  only  a  partial  and,  by  themselves,  a  not 
very  effective  remedy.  They  are  recommended  around 
the  smaller  towns  and  a  new  type  of  belt-line  distribu- 
tion  road   around   cities   is   proposed.     For  maximum 


effectiveness,  both  the  bypass  and  distribution  highways 
must  be  free  of  cross  traffic,  parked  vehicles  and  devel- 
opments immediately  adjacent,  to  preserve  their  initial 
advantage  against  the  encroaching  growth  of  the  urban 
community,  which  otherwise  soon  converts  them  into 
ordinary  local  streets. 

Outside  of  city  limits  on  the  main  highways  the 
report  shows  there  is  need  of  modernization  of  the 
existing  roads  to  ease  curvature,  reduce  gradients,  and 
extend  sight  distance  in  order  more  safely  to  serve  fast- 
moving  traffic.  Near  the  cities,  also,  a  steadily  in- 
creasing mileage  of  four-lane  divided  highways  is 
believed  to  be  required. 

According  to  the  report,  such  improvements  are 
required  on  most  of  the  mileage  of  the  Federal-aid  and 
State  highway  systems,  especially  those  parts  built 
before  the  recent  considerable  increase  in  the  travel 
speed  of  motor  vehicles.  For  the  most  part  they 
involve  only  local  changes  in  the  existing  roads.  By 
such  changes  the  bulk  of  the  highway  traffic  that  moves 
between  adjacent  cities  will  be  amply  served. 

The  report  sketches  the  general  outlines  of  a  Master 
Plan  for  the  improvement  of  roads  and  streets  to  meet 
the  real  needs  of  highway  transportation.  In  addition 
to  the  several  classes  of  improvements  previoushT 
mentioned,  the  plan  includes  improvement  of  a  care- 
fully selected  mileage  of  secondary  and  feeder  roads  to 
give  direct  service  to  a  larger  number  of  rural  dwellers. 
The  selection  would  be  made  from  among  the  2,618,- 
000  miles  of  roads  outside  of  the  Federal-aid  and 
primary  State  highway  systems.  Constituting  about 
83  percent  of  the  country's  total  road  and  street  mile- 
age, these  lesser  roads  serve  at  present  only  about  13 
percent  of  the  total  vehicle  mileage  of  traffic.  Located 
on  them,  however,  are  the  homes  and  working  places 
of  about  75  percent  of  the  rural  population.  The 
purpose  of  the  improvement  of  an  additional  mileage 
of  these  roads,  therefore,  is  shown  to  be  that  of  afford- 
ing better  access  to  rural  property  rather  than  the 
service  of  a  large  increment  of  traffic.  The  choice  of 
the  roads  to  be  improved  should  be  made  in  close  con- 
formity with  a  program  looking  to  the  promotion  of 
economically  and  socially  beneficial  land  use. 

The  report  discusses  at  length  the  limitations  hitherto 
placed  upon  road  improvement  by  difficulties  of  right- 
of-way  acquisition,  and  shows  that  similar  difficulties 
are  now  the  principal  obstacle  standing  in  the  way  of 
needed  improvements  of  the  several  types  described, 
especially  within  and  in  the  vicinity  of  cities. 

Taking  the  city  of  Baltimore  as  an  example  of  a 
universal  condition,  it  shows,  by  spotting  the  location 
of  properties  on  which  the  city  holds  tax  liens  and  prop- 
erties being  acquired  for  Federal  slum  clearance 
projects,  that  a  wide  belt  of  decadent  property  surrounds 
the  central  business  section.  Decay  of  values  within 
this  zone  (the  result  of  the  outward  movement  of  the 
homes  of  the  more  well-to-do  citizens)  is  rapidly 
approaching  a  critical  point.  Creation  of  new  values 
is  beginning  to  occur,  generally  without  regard  to  any 
well-conceived  future  street  plan.  In  Baltimore,  pro- 
posed slum  clearance  projects  are  shown  to  lie  in  the 
path  of  desirable  express  highway  locations.  All  of 
which  indicates  the  great  importance  of  early  considera- 
tion of  the  new  street  plans  which  must  form  the  frame- 
work upon  which  the  cities  of  the  future  will  be  erected. 
It  also  indicates  the  need  and  present  timeliness  of 
effective  measures  for  the  acquisition  of  land  in  the 
(Continued  on  page  75) 
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NUMEROUS  methods  and  procedures  used  for 
curing  concrete  pavements  are  included  in  the 
scope  of  the  investigation  herein  reported.  However, 
the  investigation  did  not  include  the  use  of  cotton 
mats  which  have  proven  highly  effective  as  a  curing 
medium,  not  oidy  on  account  of  their  ability  to  retain 
moisture  over  a  considerable  period  of  time  but  also 
because  they  protect  the  concrete  from  large  fluctua- 
tions in  temperature  at  early  ages  when  its  ability  to 
resist  temperature  stresses  is  low. 

The  reason  for  the  omission  of  cotton  mats  was  two- 
fold. First,  the  investigation  did  not  involve  any  study 
of  thermal  insulation  but  was  for  the  purpose  of  deter- 
mining the  ability  of  various  curing  agents  to  retain 
moisture  and  thereby  promote  the  development  of 
strength.  In  the  burlap  curing  that  was  used  as  a  basis 
for  the  comparison  of  the  other  methods,  the  burlap  was 
kept  in  a  saturated  condition  at  all  times  and  therefore, 
insofar  as  moisture  loss  is  concerned,  the  results  were 
the  same  as  would  have  been  obtained  with  saturated 
cotton  mats.  Second,  the  technical  and  practical  advan- 
tages of  cotton  mats  have  been  demonstrated  conclu- 
sively by  previous  investigations,  both  in  the  laboratory 
and  in  the  field. 

Thorough  and  complete  curing  has  always  been 
recognized  as  one  of  the  most  important  single  factors 
involved  in  the  construction  of  a  concrete  pavement. 
The  importance  of  delaying  moisture  loss  until  the 
concrete  has  attained  sufficient  strength  to  furnish  high 
resistance  to  the  shrinkage  stresses  resulting  from  dry- 
ing is  self-evident.  For  this  reason,  provisions  for 
curing  form  a  very  important  part  of  every  concrete 
pavement  specification. 

For  many  years  concrete  pavements  were  cured 
almost  entirely  by  means  of  a  thorough  and  continuous 
application  of  water  for  periods  up  to  10  days  after 
placing.  Curing  began  by  covering  the  concrete  with 
wet  burlap  applied  just  as  soon  after  finishing  as  pos- 
sible. This  was  kept  continuously  wet  until  the  follow- 
ing day  when  it  was  replaced  by  a  covering  of  earth  or 
straw  kept  continuously  wet  for  periods  of  from  7  to  10 
days.  It  has  always  been  pretty  generally  agreed  that, 
theoretically  at  least,  the  above  method  is  ideal.  How- 
ever, it  requires  continuous  wetting  over  a  considerable 
period  of  time,  a  procedure  wliich  is  not  only  expensive 
but  requires  constant  and  efficient  supervision  to  insure 
full  compliance. 

TESTS  MADE  TO  COMPARE  CURING  MATERIALS  AND  TO  DEVELOP 
STANDARD  TEST  PROCEDURE 

So  long  as  only  small  amounts  of  pavement  were  in- 
volved and  daily  yardages  were  limited,  it  was  possible 
to  enforce  such  curing  provisions  without  great  diffi- 
culty. However,  as  methods  of  construction  became 
more  efficient,  and  daily  yardages  increased,  the  cost 
of  curing  by  water  as  well  as  the  difficulty  of  enforcing 
the  requirements  mounted  rapidly.  As  was  bound  to 
happen,  this  condition  has  resulted  within  the  last  sev- 
eral years  in  the  introduction  of  numerous  substitute 
methods  of  curing,  designed  to  accomplish  the  same 
purpose  without  the  use  of  water.  Most  of  these 
methods,  involving  the  use  of  such  materials  as  various 


grades  of  waterproof  paper  coverings,  sodium  silicate, 
liquid  bituminous  products,  rubber  emulsion,  etc.,  de- 
pend entirely  for  their  efficiency  on  the  ability  of  the 
materials  to  retain  water  within  the  concrete.  The 
materials  seal  the  surface  and  their  use  is  justified  on 
the  theory  that  adequate  curing  can  be  accomplished 
by  retaining  the  contained  water. 

Many  attempts  have  been  made  from  time  to  time 
to  study  the  effectiveness  of  different  methods  of  curing 
concrete  through  the  construction  of  experimental 
roads,  curing  different  sections  by  different  methods. 
Such  procedure  would  seem  to  be  a  very  logical  method 
of  ascertaining  the  comparative  value  of  different  cur- 
ing materials.  Actually,  however,  the  impossibility  of 
controlling  other  variables  that  may  affect  the  result, 
particularly  weather  conditions,  make  it  of  distinctly 
questionable  value. 

There  are  many  problems  regarding  concrete  pave- 
ment construction  that  may  be  studied  with  profit 
through  the  construction  of  experimental  roads.  How- 
ever, in  the  authors'  opinion  curing  is  not  one  of  them. 
It  is  believed  that  such  comparisons  should  be  made 
only  in  the  laboratory  under  closely  controlled  tempera- 
ture and  humidity  conditions,  using  a  test  procedure 
that  will  permit  direct  comparisons  of  the  efficiency  of 
different  curing  materials.  Having  determined,  by 
means  of  a  series  of  tests  of  this  type,  the  degree  of 
compliance  that  may  reasonably  be  expected,  suitable 
requirements  could  be  written  into  standard  specifica- 
tions and  the  test  procedure  used  as  a  standard  routine 
laboratory  method  of  evaluating  the  various  materials 
and  processes  offered  for  use. 

The  tests  reported  herein  were  made  with  the  twofold 
purpose  of  obtaining  comparative  data  on  the  effective- 
ness of  various  curing  materials  and  methods  now  in 
common  use  and  of  developing  a  standard  laboratory 
test  procedure  for  use  in  specifications.  The  procedure 
followed  has  been  made  available  to  Committee  C-9  of 
the  A.  S.  T.  M.  in  developing  a  tentative  method  for 
testing  curing  agents.  The  curing  materials  that  were 
investigated  included,  in  addition  to  burlap,  calcium 
chloride,  used  both  as  a  surface  application  and  as  an 
admixture;  sodium  silicate;  six  waterproof  papers;  a 
special  curing  blanket  consisting  of  two  layers  of  burlap 
with  a  jute  bat  between;  an  asphalt  emulsion;  an 
asphalt  cutback;  a  straw-colored  lacquerlike  liquid; 
and  a  rubber  (latex)  emulsion.  The  last  four  materials 
were  proprietary  liquid  curing  compounds  applied  in  the 
form  of  a  spray.  A  brief  description  of  each  of  the 
materials  investigated  is  given  in  table  1. 

STUDIES  MADE  OF  38  DIFFERENT  CURING  PROCEDURES  INVOLVING 
14  MATERIALS 

Several  of  the  surface-sealing  materials  were  used 
both  with  and  without  a  preliminary  24-hour  applica- 
tion of  wet  burlap.  In  addition,  the  time  elapsing 
between  the  molding  of  the  specimen  and  the  applica- 
tion of  the  curing  material  was  varied.  The  compara- 
tive effects  of  burlap  curing  for  1,  2,  and  .3  days  without 
subsequent  curing  were  also  investigated.  In  all,  38 
different  curing  procedures  involving  14  materials 
were   studied,    the   results   being   compared    with    the 
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results  obtained  with  specimens  cured  continuously 
with  wet  burlap  in  scaled  containers  (ideal  curing)  as 
well  as  with  specimens  exposed  to  the  air  without  pro- 
tection of  any  kind.  To  provide  ideal  curing  the 
specimens  were  first  covered  with  two  layers  of  wet 
burlap.  Over  tins  was  placed  a  metal  cover  that  was 
sealed  around  the  edges  to  prevent  any  loss  of  moisture. 

Table    1. —  Description  of  curing  materials 


Type 


Burlap 

Paper  A. .. 

Paper  M 

Paper   C 

Paper  D 

Paper  E 

Paper  F.   

Sodium  silicate. . . 

i  'alcium  chloride 
Curing  blanket .  .  . 

Liquid  curing  ma- 
terial A.' 

Liquid  curing  ma 
.1  B.i 

Liquid  curing  ma 
terial  C> 

Liquid  cui  ini 
terial  DJ 


Description 


Weight.  9  ounces  per  square  yard. 

2  layers  of  paper  cemented  together  with  bitumen  and  rein- 
forced v-  nli  sisal  fillers. 
2  layers  of  paper,  reinforced  in  both  directions  at.  about  '.'-inch 

intervals  and  cemented  together  with   bitumen,   bitumen 
ed  to  1  layer  only. 
Same  as  paper  IS,  except  bitumen  applied  to  both  layers  of 

paper. 
Single  layer  of  unreinforced  paper,  treated  with  a  white  en  ul- 

sion. 
Same  as  paper  D,  except  treated  with  a  brown  emulsion. 
Same  as  paper  D,  except  treated  with  a  brown-white  emulsion 
i  Commercial  grade  as  used  fur  curing  concrete.    Applied  with  a 

brush. 
Standard  commercial  product  (flake)  as  used  for  curing  concrete 
Consists  of  2  layers  of  burlap  with  jute  bat  between.     \\  eight 

22  ounces  per  square  yard. 
special  asphalt  emulsion  used  for  curing  concrete.    Applied 

with  a  spray  gun. 
Special  asphalt  cut-back  used  for  curing  concrete.    Applied 

with  a  spray  gun. 
A  straw-colored  lacquerlike  liquid.     Applied  with  a  spray  gun 

A  rubber  emulsion  (latex).     Applied  with  a  spray  gun. 


i  The  liquid  curing  materials  are  all  proprietary  compounds,  the  exact  composition 
of  which  was  nut  determined. 

The  results  of  live  series  of  tests,  four  sifter  7  days  of 
exposure  under  the  temperature  and  humidity  condi- 
tions described  below,  and  one  after  28  days  of  ex- 
posure, are  reported.  A  brief  description  of  each  pro- 
cedure, including  the  type  of  curing  material  involved, 
whether  used  with  or  without  an  initial  application  of 
burlap,  the  time  of  application,  and  the  duration  of 
application,  is  shown  in  table  2.  This  table  also  indi- 
cates the  series  in  which  each  procedure  was  used. 

In  series  A  to  D,  inclusive,  the  specimens  were 
exposed  for  7  days  in  an  atmosphere  maintained  at 
100°  F.±2°  F  with  ;i  relative  humidity  of  32  percent 
—  2  percent,  using  for  this  purpose  a  specially  designed 
curing  cabinet  in  which  the  temperature  and  humidity 
were  controlled  automatically  within  the  limits  indi- 
cated. In  series  E,  the  specimens  were  exposed  for 
28  days.  Each  result  reported  in  series  A  to  D, 
inclusive,  with  certain  exceptions  noted  in  series  B,  is 
the  average  of  either  five  or  six  individual  determina- 
tions made  on  different  days.  The  results  of  the  tests 
after  28  days,  series  E,  are  the  averages  for  from  two  to 
five  specimens,  as  noted  in  subsequent  tallies. 

in  series  A,  19  methods  in  addition  to  the  standard  or 
ideal  method  and  the  method  involving  no  curing  treat- 
ment, were  investigated.  These  included  burlap  for 
1,  2,  and  3  days;  paper  A  and  liquid  curing  material  A 
with  and  without  burlap;  the  other  papers  and  liquid 
curing  materials  without  burlap,  that  is,  as  recom- 
mended by  the  manufacturers;  calcium  chloride,  both 
as  a  surface  application  and  as  tin  admixture;  sodium 
silicate;  and  the  curing  blanket.  It  will  be  noted  that 
in  this  series,  surface  sealing  materials  when  used  with- 
out burlap  were  applied  3  hours  after  molding.  This 
would  represent  about  the  maximum  time  that  might 
be  required  in  the  field.  Burlap  in  this  series,  however. 
was  applied  immediately  after  molding. 


Table  2. —  Description  of  curing  procedures 


Method 

Curing  procedure 

Used  in  series 

No. 

\ 

B 

(' 

1' 

E 

la 

Wet  burlap,  sealed  with  metal  cover  continuously 

No  treatment. 

X 
X 

X 

x 

\ 

X 

X 
X 

X 
X 
X 

X 
X 

X 

X 
X 

X 
X 

X 

X 

\ 

X 

• 
\ 

X 

X 

X 

3a 

Wet  burlap  for  1  day,  applied  immediately  after  mold- 
ing.   

4a 

Wet   burlap  for  2  days,  applied   immediately  after 
molding _   ._     _ 

11, 

Wet  burlap  for  2  days,  applied  1  hour  after  molding 
Wet  burlap  for  2  days,  applied  3  hours  after  molding... 
Wet  burlap  fur  2  days,  applied  3  hours  after  molding  '.. 
Wet.  burlap  for  2  days,  applied  3  hours  after  molding  '.. 
Wet.    burlap   for   3   days,   applied    immediately   after 
molding .  . 

4c 
4e-l 
lc-2 

... 

X 

5a 

X 
X 

Mi 

."(■ 

5c-l 

5c-2 

fia 

ol. 

Wet  Inula])  for  3  days,  applied  1  hour  after  molding 

Wet  burlap  (or  3  days,  applied  3  hours  after  molding.. 
Wet  burlap  for  3  days,  applied  ;-;  hours  after  molding  '._ 
Wet  burlap  fur  3  days,  applied  3  hours  after  molding  2.. 
Wet  burlap  for  l  day,  applied  immediately  after  mold- 
ing followed  by  paper  A  for  6  days 

Wet  burlap  for  l  day,  applied  1  hour  after  molding, 
followed  by  paper  A  for  6  days ..    ..  ..     . 

X 
X 

6c 

Wet  burlap  for  1  day,  applied  3  hours  after  molding. 

X 

X 

7a 
7c 

Wet  burlap  for  1  day,  applied  immediately  after  mold- 
ing, followed  by  sodium  silicate 

Wet  burlap  for  1  day,  applied  3  hours  after  molding, 

X 

X 

X 

8a 

"W  et  Inula],  fur  1  day,  applied  immediately  after  mold- 
ing, followed  by  calcium  chloride  (surface  applica- 
tion)  

X 

8c 

Wet  burlai)  for  1  day.  applied  3  hours  after  molding, 
followed  by  calcium  chloride  (surface  application)  . 

X 

9a 

Wet  burlap  for  1  day,  applied  immediately  after  mold- 
ing, followed  by  liquid  curing  material  A 

X 

X 

\ 

X 
X 

9c 

Wet  burlap  for  l  day,  applied  3  hours  after  molding, 
followed  by  liquid  curing  material  A .  

X 

10c 

Wet  burlai)  for  1  day,  applied  3  hours  after  molding, 
followed  by  liquid  curing  material  B . 

11a 

lie 

Wet  burlap  for  1  day,  applied  immediately  after  mold- 
ing, calcium  chloride  admixture 

Wet  burlap  for  1  day.  applied  3  hours  after  molding, 
calcium  chloride  admixture . 

X 

X 

12c 

Curing  blanket,  for  3  days,  a],], lied  3  hours  after  mold- 
ing  .. 

X 

X 
X 

X 

13b 

Waterproof  paper  A,  for  7  days,  applied  1  hour  after 
molding.   ..  .             ..... 

13c 

Water]  roof  paper  A,  (or  7  days,  applied  3  hours  after 
molding 

X 

K 

X 

X 

\ 
\ 
\ 
\ 

X 

14c 

Waterproof  paper  B  for  7  days,  applied  3  hours  after 
molding .      .  ...  ...  . 

15c 

Waterproof  paper  C  fur  7  days,  applied  3  hours  after 
molding _ 

16c 

Waterproof  paper  I),  fur  7  days,  applied  3  hours  after 
molding _.   _   _   

17c 

Waierproof  paper  E.  fur  7  days,  applied  3  hours  after 
molding ...  _  ._  ..  __  .. 

\ 

\ 

\ 

X 

X 

18c 

Waterproof  paper  F,  for  7  days,  applied  3  hours  after 
molding .      

101, 

Liquid  curing  material  A,  applied  1  hour  after  mold- 
ing      .  .  

19c 

Liquid  curing  material  A.  applied  3  hours  after  mold- 
ing  _ 

X 

X 

\ 

20b 

Liquid  curing  material  B,  applied  1  hour  after  mold- 
ing                    

21  lc 

Liquid  exxring  material  B,  applied  3  hours  after  mold- 
ing.    _ 

X 

\ 
\ 

X 

X 

X 

X 

21b 

Liquid  curing  material  C,  applied  1  hour  after  mold- 
ing.  

21c 

Liquid  curing  material  C,  applied  3  hours  after  mold- 
ing           .  .  ..      . 

X 

- 

X 

\ 

22c 

Liquid  curing  material  D,  applied  3  hours  after  mold- 

X 

1  The  burla],  was  sprinkled  intermittently  in  such  manner  as  to  keep  it  continu- 
ously wet. 

2  The  burla],  was  sprinkled  intermittently  and  allowed  to  become  dry  between 

'A  el  tines. 

SPECIMENS  SEALED  TO  PERMIT  MOISTURE  LOSS  ONLY  THROUGH 
CURING  MEDIUM 

Series  D  was  a  duplication  of  series  A,  run  several 
months  later.  In  series  B  the  effect  of  varying  the 
time  of  application  of  the  curing  agent  was  investi- 
gated. For  burlap,  the  effects  of  delaying  the  applica- 
tion 1  hour  and  3  hours  are  shown  as  well  as  the  effects 
of  continuous  sprinkling  and  of  intermittent  sprinkling. 
The  relative  effects  of  applying  paper  A  anil  liquid 
curing  materials  A,  B,  and  C,  1  hour  after  molding,  as 
well  as  3  hours,  are  also  shown.  Series  V  was  run  in 
order  to  obtain  additional  data  on  the  effect  of  using 
waterproof  paper  and  liquid  curing  material  with  a 
preliminary    24-hour    application    of    wet    burlap    for 
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comparison  with  the  usual  method  which  does  not 
require  burlap.  Series  E  gives  the  results  of  a  series  of 
tests  after  28  days  of  exposure,  using,  in  general,  the 
same  methods  as  used  in  series  A  and  D  in  which  the 
specimens  were  exposed  7  days. 

The  effectiveness  of  each  curing  method  was  measured 
both  in  terms  of  relative  moisture  loss  and  relative 
strength,  using  test  specimens  of  1  :2  mortar,  6K  inches 
wide  by  12  inches  long  by  2  inches  deep.  The  curing 
material  was  applied  to  the  top  or  molded  surface  of  the 
specimen,  and  sealed  around  the  edges  in  such  a  manner 
that  moisture  could  escape  only  through  the  curing 
medium  itself.  The  rate  of  moisture  loss  was  measured 
for  each  method  by  determining  the  loss  in  weight  at 
various  intervals  during  the  exposure  period. 

The  specimens  were  molded  in  watertight  sheet  metal 
pans,  the  bottoms  of  which  were  reinforced  with  angle 
sections  for  a  stiffening  effect.  This  was  done  because 
it  was  frequently  necessary  to  handle  them  at  about 
the  time  initial  set  was  taking  place  and  it  was  felt  that 
molds  that  were  not  rigid  might  allow  stresses  to  be  set 
up  within  the  specimen. 

The  procedure  followed  in  fabricating  the  specimens 
was  to  mix  just  sufficient  mortar  for  one  test  specimen 
at  a  time.  A  well-graded  concrete  sand  was  used  in 
the  mortar  together  with  sufficient  water  to  produce  a 
plastic  consistency.  In  each  series,  the  water-cemcut 
ratio  was  maintained  constant.  However,  because  of 
slight  differences  in  grading  of  sand  used  in  the  different 
series,  it  was  necessary  to  vary  slightly  the  water- 
cement  ratio  from  series  to  series.  The  maximum  dif- 
ference did  not  exceed  0.02  by  weight.  The  mortar  w  as 
puddled  into  the  molds  with  the  gloved  fingers,  after 
which  the  surface  was  struck  off  with  a  single  stroke 
of  a  steel  blade.  No  troweling  was  done.  Immediately 
after  molding,  the  specimens  were  weighed,  these  weights 
being  taken  as  the  initial  weights  from  which  the  mois- 
ture losses  were  computed. 

In  all  instances  where  burlap  was  applied  immediately 
after  molding  (except  where  it  was  sealed  in  as  in 
method  1),  the  specimens  were  not  placed  immediately 


in  the  humidity-controlled  curing  cabinet,  but  were 
placed  in  an  oven  maintained  at  100°  F.  ±2°  F.  but 
without  humidity  control.  Where  burlap  was  applied 
1  or  3  hours  after  molding,  the  specimens  were  placed 
in  the  humidity-controlled  cabinet  until  the  burlap 
was  applied  after  which  they  were  placed  in  the  oven. 
This  was  necessary  because  the  procedure  lor  burlap 
curing  required  that  the  material  be  kept  saturated  for 
the  entire  time  of  application.  This  would  have  made 
it  impossible  to  maintain  a  constant  humidity  in  the 
cabinet. 

The  burlap  cover  was  kept  saturated  by  immersing 
an  overhanging  end  in  a  pan  of  water.  It  was  found 
that  in  order  to  insure  even  and  continuous  saturation 
over  the  entire  surface  of  the  specimen  it  was  necessary 
to  use  three  layers  of  burlap.  This  method  of  keeping 
the  specimens  wet  was  used  in  order  to  avoid  the  neces- 
sity of  opening  the  oven  doors  frequently  for  the  purpose 
of  sprinkling. 

RELATIVE    EFFICIENCY    OF    EACH    CURING    METHOD   DETERMINED 

At  the  conclusion  of  the  period  of  burlap  curing  the 
specimens  were  removed  from  the  oven,  the  burlap 
removed  and  the  specimens  immediately  placed  in  the 
curing  cabinet  (where  burlap  curing  only  was  involved) 
or  covered  with  the  final  curing  material  and  then 
placed  in  the  cabinet. 

In  instances  where  burlap  curing  was  not  involved, 
the  procedure  was  to  place  the  specimen  in  the  humidity - 
controlled  cabinet  immediately  after  molding.  After 
the  concrete  had  set,  or  after  passage  of  a  prescribed 
interval  of  time,  the  specimen  was  removed  for  the 
purpose  of  applying  the  curing  material,  after  which  it 
was  replaced  in  the  cabinet  for  the  duration  of  the  test. 

At  the  conclusion  of  the  exposure  period  the  speci- 
mens were  removed  from  the  cabinet,  the  molds  re- 
moved and  the  specimens  immersed  in  water  for  2  days 
prior  to  testing  for  flexural  strength.  For  series  A  to  D, 
inclusive,  the  age  at  test  was  therefore  9  days  whereas 
for  series  E  it  was  30  days.  To  facilitate  absorption  of 
water,  the  upper  and  lower  surfaces  of  each  specimen 


Table  .3. — Series  A:  res  nils  of  tests  after  7  days 


Type  of  curing 

Pro  edure 

Water  remaining  in  specimens  a 

age  hid 

cated  - 

Flexural 
strength 

Relal 

cii 

basi 

iveeffi- 

Method 

No. 

Burlap 

Final  curing  mate- 
rial 

ncy, 
i  on— 

Applied 

after 
n  oldfcg 

Duration 
ol  appli- 
cation 

Applied 

after 
molding 

J  >uration 
of  appli- 
cation 

3  hours 

l  day 

2  days 

3  days 

1  days 

7  days 

Water 

loss 

Strength 

la 

Burlap    .      --- - 

Hours 

0 

Days 

7 

11  MIT! 

I  III  lis 

/•,  rci  m 

Percent 

I>i  rrivt 

/'i  at  ill 

/'.  ret  hi 

l'i  in  nl 
102 
73 
90 
94 
97 
10O 

94 

90 
100 

0.' 

86 
95 
91 
95 

78 

94 

92 
85 
'.12 

lb.  />.  r 
sq.  in- 

1.018 
501 
861 
988 
990 

1,025 
908 

1,022 

1,055 

017 
740 
769 

70S 

SOS 

571 
0,31 
Oil) 
701 
702 
073 
724 

100 

II 

50 
72 
83 
93 

72 
59 
93 

1,0 

45 
70 
72 
70 
14 
17 
14 
72 
66 
41 
00 

100 

2 

Nolle .    ...    ._ 

97 

79 
101 

77 
95 
102 

70 

0:1 

OS 

102 

1110 
90 
95 

100 

96 

90 
95 
94 
96 

Ml 
81 
Ml 
90 
03 

88 

93 

71 
92 
96 
99 

100 
95 
94 

loo 

95 
89 
95 
94 
95 

Ml 
Ml 
79 
95 
93 
87 
92 

0 

3a 

Burlap 

0 
0 
0 
1) 

0 
0 

o 

0 

1 
2 
3 
1 
1 
1 
1 

1 

CO 

4a 

....  do 

93 

5a 

....  do 

95 

6a 

Paper  A  with  burlap    .      .   .. 

24 

24 
24 

24 

(■) 

3 
3 
3 
3 
3 
3 

3 
3 
3 
3 

0 

0 
0 
6 

3 
7 

7 

7 
7 

90 
90 
97 
97 
90 
90 
95 
9;, 
9fi 
90 
90 

101 
101 
101 
101 

101 

101 

98 

90 
101 

97 

102 

7a 

8a 
9a 
11a 

12c 

Sodium  silicate  with  burlap 

Calcium  chloride  with  burlap..  ... 

Liquid  material  A  with  burlap 

Calcium    chloride  admixture  with 
burlap...     .     ... 

70 
101 
108 

st 

30 

13c 

Paper  A .   .     

96 

9fi 

97 
81 
84 
84 
90 
95 
90 
91 

90 
95 
97 
82 
82 

82 

96 

95 
89 

16 

14c 

Paper  B.   

45 

15c 

Paper  C     .  ...     ..... 

51 

10c 

Paper  D_...    ...  - . 

2 

17c 

Paper  E   . 

10 

18c 

Paper  F 

11 

19c 

Liquid  material  A _ 

511 

20c 

44 

21c 

25 

22c 

36 

All  results  average  of  5  tests. 


-  Based  on  total  water  in  specimens  after  molding. 


a  Mixing  waler  contained  2  percent  calcium  chloride 
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were  rubbed  with  a  carborundum  stone  prior  to  immer- 
sion. This  procedure  was  followed  in  an  effort  to 
place  all  specimens  in  a  uniform  condition,  insofar  as 
contained  moisture  was  concerned,  prior  to  test.  As 
will  be  discussed  in  detail  later,  this  apparently  was  not 
accomplished  under  all  conditions,  possibly  accounting 
for  certain  discrepancies  in  the  strength  results  that 
were  observed. 

Flexure  tests  were  made  at  the  conclusion  of  the  2-day 
resaturation  period,  the  load  being  applied  at  the  cen- 
ter of  a  9-inch  span,  with  the  top  surface  as  molded  in 
tension. 

The  rate  at  which  specimens  cured  by  the  different 
methods  gave  up  water  at  various  periods  from  time 
of  molding  up  to  and  including  7  days  of  exposure,  the 
flexural  strengths  at  9  days,  and  the  "relative  effi- 
ciency,"  from  the  standpoint  of  both  water  retention 
and  strength,  are  shown  in  tables  3  to  6,  inclusive; 
except  that  table  5  (series  C)  contains  no  data  on  rela- 
tive efficiency  because  in  this  series  no  values  were 
obtained  on  the  specimens  receiving  no  curing  treatment 


(method  no.  2).  Corresponding  values  for  28-day 
exposure  are  shown  in  table  7. 

Relative  efficiency  as  used  in  this  report  is  a  value 
that  represents  the  comparative  effectiveness  of  the 
particular  method  involved  on  the  basis  of  100  for  speci- 
mens cured  by  the  ideal  method  (method  la)  and  0  for 
specimens  receiving  no  curing  treatment  (method  2). 
Thus,  in  series  A,  table  3,  the  strength  of  the  ideally 
cured  specimens  averaged  1,018  pounds  per  square  inch, 
whereas,  the  specimens  receiving  no  curing  treatment 
averaged  561  pounds  per  square  inch.  The  difference, 
457  pounds  per  square  inch,  may  be  considered  as 
representing  the  gain  in  strength  that  was  attained 
through  ideal  curing.  On  this  basis,  method  3a,  24-hour 
burlap  curing,  with  a  strength  of  861  pounds  per  square 
inch,  had  a  relative  efficiency  of  66.  Values  for  relative 
efficiency  based  on  water  loss  were  computed  in  the  same 
manner. 

Thus,  from  table  3  it  will  be  noted  that  the  specimens 
given  no  curing  treatment  (method  2)  averaged  27 
percent  moisture  loss  at  7  days,  whereas,  the  specimens 


Table  4.— Series  B;  results  of  tests  after  7  days 


Type  of  curing 

Procedure 

Water  remaining  in 

specimens  at  age 

indicated  ! 

Flexural 
strength 

Relative  efficiency 
based  on— 

Method 
No. 

Burlap 

Final  curing 
material 

1  hour 

3  hours 

1  day 

2  days 

3  days 

4  days 

7  days 

Applied 

after 
molding 

Duration 
of  appli- 
cation 

Applied 

after 
molding 

Duration 
of  appli- 
cation 

Water 
loss 

Strength 

la 

Hours 
0 

Days 

7 

/  lo  u  TS 

Days 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 
103 
65 
91 
87 
90 

90 
82 
95 
90 
92 

91 
85 

100 
97 

100 
94 
93 
85 
93 
84 
92 
76 
81 

Lb.  per 
sg.  in. 
924 
574 
879 
841 
827 

798 
714 
910 
907 
859 

885 
<-,<)> 
894 
956 
925 
855 
838 
773 
849 
807 
919 
657 
733 

100 
0 
68 
58 
66 

66 
45 
79 
66 
71 

68 
53 
92 
84 
92 
76 
74 
53 
74 
50 
71 
29 
42 

100 

2 

73 

71 
102 

99 
103 

99 
90 

69 
96 
92 
95 

95 
86 

104 
99 

102 

99 
90 

101 
99 

101 
96 
94 
88 
94 
88 
93 
80 
84 

68 
94 
90 
93 

93 
85 
99 
94 
96 

94 
89 

101 
98 

101 
95 
94 
87 
94 
87 
92 
79 
83 

0 

la 

0 
1 
3 

3 
3 
0 
1 
3 

3 
3 
0 
1 
3 

2 
2 
2 

2 
2 
3 
3 
3 

3 
3 
1 

1 

1 

87 

4b 

.  do 

99 

76 

4c 

do... 

96 

96 
96 

72 

Mc-1 

Burlap  sprinkled  intermit- 

66 

«  4c-2 

do 

37 

5a 

Burlap                     

96 

5b 

do._ _._ 

99 

95 

5c 

....  do 

96 

97 
96 

81 

*5c-l 

Burlap  sprinkled  intermit- 
tently  

92 

<5c-2 

.  do  .   ... 

32 

6a 

Paper  A  with  burlap 

....  do 

24 
24 
24 
1 
3 
1 
3 
1 
3 
1 
3 

6 
6 
6 
7 
7 
7 
7 
7 
7 

7 

102 
99 

103 
97 
95 
92 
95 
92 
94 
85 
88 

102 

99 
102 
96 
95 
89 
95 
90 
94 
82 
86 

91 

6b 

99 
99 
99 
99 
99 

96 
96 
96 
95 
95 

109 

6c 

do 

100 

13b 

Paper  A  ... 

80 

13c 

do    . 

75 

19b 

Liquid  material  A. 

57 

19c 

.  ..do  .. 

79 

20b 

Liquid  material  B 

67 

20c 

..  do 

99 

21b 

24 

21c 

..do  ._  

45 

i  All  results  average  of  5  tests  except  as  noted. 

'  Based  on  total  water  in  specimens  after  molding. 


!  Average  of  3  tests.    Burlap  kept  constantly  in  a  moist  condition. 

*  Average  of  2  tests.    Burlap  allowed  to  become  practically  dry  before  each  sprinkling. 


Table  5. — Series  C;  results  of  tests  after  7  days 


Type  of  curing 

Procedure 

Method 

No. 

Burlap 

Final  curing 
material 

Water  remaining  in  specimens  at  age  indicated  ! 

Flexural 
strength 

Applied 

after 
molding 

Duration 
of  appli- 
cation 

Applied 

after 
molding 

Duration 
of  appli- 
cation 

3  hours 

1  day 

2  days 

3  days 

4  days 

7  days 

la 

Burlap ._ 

Hours 
0 
3 
3 
3 

Da  us 

7 
1 
1 

1 

Hours 

Days 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 
104 
100 
100 
98 
92 
94 
90 

Lb.  per 
sg.  in. 
843 

6c 

Paper  A  with  burlap...  

24 
24 
24 
3 
3 
3 

6 
6 

e 

7 
7 
7 

96 
96 
95 
95 
95 
95 

102 
104 
102 
94 
95 
94 

102 
103 
101 
94 
95 
93 

102 
102 
101 
94 
94 
92 

102 
102 
100 
93 
94 
92 

810 

9c 

Liquid  material  A  with  burlap.  .  .. 

823 

10c 

Liquid  material  B  with  burlap 

826 

13c 

Paper  A 

786 

19c 

Liquid  material  A 

818 

20c 

Liquid  material  B _  

786 

1  All  results  average  of  6  tests. 


'  Based  on  total  water  in  specimens  after  molding. 
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Table  6. — Series  I>;  results  of  tests  after  7  days  1 


Method 
No. 


12c 
13c 
He 
15c 
16c 
17c 
18e 
19c 
20c 
21c 
22c 


Type  of  curing 


Burlap 

None 

Burlap -- - 

do 

do 

Paper  A  with  burlap 

Sodium  silicate  with  burlap 

Calcium  chloride  with  burlap 

Liquid  material  A  with  burlap 

Calcium    chloride    admixture    with 

burlap 

Curing  blanket 

Paper  A 

Paper  B 

Paper  C 

Paper  D 

Paper  E... 

Paper  F 

Liquid  material  A 

Liquid  material  B 

Liquid  material  C 

Liquid  material  D 


Procedure 


Burlaj) 


Applied 

after 
molding 


J  hurt 

0 


Duration 
of  appli- 

i  :.!  hill 


Days 


Final  curing  ma- 
terial 


Applied 

after 
molding 


Hours 


c.) 


J  Miration 
of  appli- 
cation 


Days 


ei 


Water  remaining  in  specimens  at  ape  indicated  '' 


3  hours 


Percent 


1  day 


Per  cent 


76 

in:; 


103 
1(« 
[00 
102 

103 


2  days 


Percent 


73 

94 
104 


102 

95 

Mil 


3  days 


Percent 


71 
91 
98 
104 
102 
94 
93 
inl 

93 

Ml 

94 

'.'4 
95 
76 

78 
78 
97, 
92 
88 
91 


4  days 


1'crctut 


71 
'.111 
96 
99 

102 
92 
91 

mi 

'i  i 
87 
94 
94 
95 
7:. 

77 
76 
95 
92 

87 
'.ill 


7  days 


Perce  nl 
104 
67 

Ml 
92 

117, 
1011 
89 

88 

•"i 

^ 
84 
93 
93 
'it 
71 
74 
73 
94 
'.in 
84 
89 


Flexural 
strength 


Lb.  per 
sq.  in. 
897 
597 

MIS 

S7". 
909 
943 
m;:, 
867 
943 

845 
741 
785 

78(1 
80;-, 

(,:•:; 
621 

,,(,( 
822 
77,9 
(78 
719 


Relative  efficiency 
based  on   - 


Water 
loss 


Strength 


1(11 
0 
7(1 

93 

II  i 
115 

89 
90 
115 


63 
61 
69 

9 

1 
77, 
54 

.'7 
41 


1  All  results  average  of  5  tests. 

>  Based  on  total  water  in  specimens  after  molding. 

3  Mixing  water  contained  2  percent  calcium  chloride. 


Table  7. — Series  E;  results  of  tests  after  28  days 


Type  of  curing 

Procedure 

Water  remaining  in  specimens  at  age  inc 

icated 

2 

Flexural 
strength 

Relative  effi- 
ciency based  on — 

Method 
No. 

Burlap 

Final  curing  mate- 
rial 

3 

hours 

1 
day 

2 
days 

3 
days 

4 

days 

days 

14 
days 

21 
days 

28 
days 

Water 
loss 

Applied 

ilti  i 
molding 

Duration 
of  appli- 
cation 

Applied 

after 
molding 

Duration 
of  appli- 
cation 

Strength  > 

la 

Burlap 

Hours 
0 

Days 

28 

Hours 

Days 

Per- 
cent 

Per- 
cent 

Per- 
cent 

Per- 
cent 

Per- 
cent 

Per- 
cent 

P(r- 

CI  III 

Pir- 

Ctllt 

Per- 
cent 
102 

7,9 
81 
79 
86 
83 

8.8 

86 
96 

9fi 
85 

87, 

85 

81 
94 

91 

84 

83 
76 
90 
86 
92 
65 
66 
65 

89 
81 , 

71 
82 

Lb.  per 

so.  in. 

1. 156 

558 

756 

773 

834 

822 

810 

841 

1,216 

1,  185 

773 

819 

909 

908 
1.  106 

953 
770 

8t8 

682 
799 

780 

8fifi 
589 
563 
564 

891 

692 
610 

726 

1(10 
0 

51 
47 
63 
56 
07 
63 
86 
86 
60 
60 
60 

51 
81 

74 
58 

66 

40 
72 
63 

77 
1  1 
16 
1  1 
70 
19 

■J  8 

53 

100 

2 

None 

95 

75 
101 
103 

72 
94 
93 
103 
102 

72 
92 
92 
98 
97 
102 
103 
101 
102 
96 
97 
95 

97 
100 

98 
96 

95 

.8'.) 
94 
93 
95 
78 
79 
77 
94 
91 
83 
88 

71 
91 
92 
97 
96 
99 
98 
100 
102 
94 
96 
95 

95 
99 

98 
95 

94 
88 
94 
93 

95 
7fi 

78 
76 
93 

90 
81' 
88 

68 

90 
87 
95 
92 
97 
95 
100 
100 
93 
93 
93 

92 
99 

9fi 
93 

90 
85 
93 
92 
94 
7-1 
75 
74 
92 

.8.8 

79 
86 

64 

84 
84 
91 
89 
91 
91 
99 
99 
88 
90 
89 

89 
96 

94 
89 

87 

81 

92 

90 

93 

70 

72 

70 

91 

- 

75 

87, 

62 
83 
82 

89 
87 
90 
88 
97 
98 
87 
88 
87 

85 
96 

93 

87 

85 
79 
91 

88 

93 

67 
1,9 
07 
90 
8;) 
73 
85 

0 

<3a 

Burlap.   - 

0 
3 
0 
3 
0 
3 
0 
3 
0 
3 
0 

3 
0 

3 
0 

3 

1 
1 

2 
3 
3 

1 
1 
1 
1 
1 

1 
1 

1 

1 

1 

42 

»3c 

do 

96 

31 

'  4a 

do 

do 

56 

«4c 

97 

38 

<  5a 

do . 

do 

Paper  A  with  burlap.    

do 

Sodium  silicate  with  burlap 
do 

Calcium  chloride  with  bur- 
lap. 
do 

52 

«  5c 

96 
96 
96 

96 

96 

96 
96 
97 
96 
96 
95 
95 
95 
96 
95 
95 
95 

42 

«6a 

s  fie 
<7a 
»7c 
<8a 

i  8c 

24 
24 
24 
24 
24 

24 
24 

24 
(6) 

(6) 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

27 
27 
27 
27 
27 

27 
27 

27 

m ' 
m 

3 

28 
28 
28 
28 
28 
28 
28 
28 
28 
28 

102 

103 
101 
104 
99 

103 
101 

101 
104 

104 

101 
102 
97 
98 
97 

98 
100 

100 
98 

96 

125 
96 
46 
38 
69 

52 

<Ua 
»9c 

Liquid  material  A  with  bur- 
lap. 
...do. 

106 

60 

'  11a 
"  lie 

Calcium  chloride  admixture 

with  burlap. 
do 

46 
44 

12c 

21 

13c 

Paper  A 

96 
95 
95 
82 
83 
81 
94 
93 

88 

89 

95 
93 
95 

78 
80 
78 
94 
90 
84 
88 

40 

14c 

Paper  B 

:i7 

15e 

Paper  C 

52 

16c 

Paper  D  

6 

17e 

Paper  E 

2 

18c 

Paper  F.. 

2 

19c 

Liquid  material  A.. 

56 

20c 

Liquid  material  B 

23 

21c 

Liquid  material  C 

10 

22c 

Liquid  material  D .  .. 

29 

1  Results  average  of  5  tests  except  as  noted. 

2  Based  on  total  water  in  specimens  after  molding. 

3  The  relative  efficiency  based  on  strength  was  computed  for  each  test  separately 
from  the  strength  of  the  ideally  cured  specimens  and  the  specimens  given  no  curing 
treatment  in  that  test,  and  the  average  of  these  values  is  the  relative  efficiency  shown. 


Average  of  2  tests. 
Average  of  3  tests. 
Mixing  water  contained  2  percent  calcium  chloride. 
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cured  continuously  under  burlap  (method  la)  gained  2 
percent  in  weight.  By  giving  this  value  a  rating  of  100 
and  that  for  specimens  given  no  curing  treatment  a  rating 
of  0,  the  relative  efficiency  of,  say,  method  3a,  with  a 
moisture  loss  of  10  percent,  was  found  to  be  59.  This 
method  of  rating  the  efficiency  of  the  various  curing  pro- 
cedures is  considered  more  satisfactory  than  expressing 
the  result  as  a  ratio  of  the  value  for  ideal  curing  because 
it  is  a  measure  based  on  the  difference  in  result  between 
ideal  curing  and  no  curing  treatment,  whereas  the  latter 
expresses  the  result  in  terms  of  ideal  curing  only. 

SURFACE    SEALING    MATERIALS    DID    NOT    COMPLETELY    PREVENT 
MOISTURE  LOSS 

The  relative  efficiencies  of  the  several  curing  proce- 
dures are  also  shown  in  tables  8  to  12,  inclusive,  to 
facilitate  comparisons  between  similar  methods  as  well 
as  to  provide  ready  comparison  of  the  results  obtained 
for  the  same  procedure  in  different  series. 

Table  8. — Effect  of  time  of  application  and  duration  of  curing 
using  wet  burlap 


3a 

1:1 

5a 

Hi 
5b 

Ir 

5e 

4c   1 

5C-1 

i,-  2 


Burlap  for  1  day;  applied  immediately 

after  molding 

Burlap  for  '.'days;  applied  immediately 

after  molding 

Burlap  for  3  days;  applied  immediately 

aftei  molding   .  

Burlap  for  2  days;  applied  l  hour  after 

mold  inn 

Burlap  for  3  days;  applied  1  hour  after 

mold int: 

Burlap  for .'  .lays;  applied  3  hours  aftei 

molding 

Burlap  for  3  days;  applied  3  hours  after 

mold  iii'-'     

Burlap  for  2  days;  applied  3  hours  after 

molding;   sprinkled   intermittently; 

kipt  continuously  wot 

Burlap  for  3  days;  applied  3  hours  after 

molding;   sprinkled    intermittently; 

kepi  continuously  wot 

Burlap  for  .'days:  applied 3  hours  after 

molding;   sprinkled   intermittently; 

allowed  to  become  dry  between  wet- 
Burlap  for  3  days;  applied  3  hours  after 

molding;   sprinkled   intermittently; 

allowed  to  become  dry  between  wet- 
tings   _ 


Relal  ive  efficiency  based  on 


Water  loss 


Strength 


Table   9.      Comparison  of  various  curing  papers  and  effect  of  time 
of  application 


Zj 

z 

z 

<h 

§ 

H 

lib 

A 

13c 

A 

lie 

B 

15c 

(' 

Pic 

1) 

ISc 

K 

Prnccduri 


Paper  for  7  days;  applied  1  hour 

alter  molding 
Paper  for  7  days;  applied  3  hours 

after  molding 
Paper  lor  7  days;  applied  3  hours 

aftei  molding 
Paper  for  7  days;  applied  3  hours 

after  molding 
Paper  for  7  days,  applied  3  hours 

after  molding  ...  . 

Paper  lor  7  din  s;  applied  ;;  hours 

alter  molding 
Paper  for  7  day  -.  applied  :i  hours 

after  molding  .      .... 


Relative  efficiency  ba  »ed  on 


Wafer  loss 


Strength 


Table    10. — Comparison  of  various   liquid  curing   materials  and 
effect  of  time  of  application 


Type 
liq- 
uid 

cur- 
ing 
ma- 
le- 
rial 

Proccduri 

Relative  efficii  ncj  ba  ed  on — 

/. 

Water  loss 

Strength 

— 
zzz 
c 

Se- 
ries 
A 

Se- 
ries 
B 

Se- 
ries 
D 

Av- 
er- 
age 

Se- 
ries 
A 

Se- 
ries 
B 

Se- 
ries 
D 

Av- 
er- 
age 

19b 
20b 
21b 
19c 

21  ic 
21  e 
22c 

A 

B 
C 
A 
B 
C 
1) 

Liquid  for  7  days;  applied  1  hour 

after  molding. 
Liquid  for  7  days;  applied  1  hour 

after  molding. 
Liquid  for  7  days;  applied  l  hour 

after  molding. 
Liquid  lor  7  days;  applied  3  hours 

after  molding. 
Liquid  for  7  days;  applied  3  hours 

aftei  molding. 
Liquid  for  7  days;  applied  3  hours 

after  molding. 
Liquid  for  7  days;  applied  3  hours 

after  molding. 

66 
41 
66 

53 
;,u 
29 
74 
71 
42 

73 
(12 
40 
59 

53 
50 
29 

73 

66 

43 
62 

.'ill 
II 
25 
36 

57 
67 
24 

7'.) 
'.in 
45 

75 
54 
27 
41 

57 

67 
24 

lis 
61 
32 
38 

Table  11. — Comparison  of  paper  and  liquid  curing  materials  with 
and  without  preliminary  curing  with  burlap,  ami  effect  of  tune  of 
application 


Relative  efficiency  based  on — 

-■ 

Water  loss 

Strength 

X 

Procedure 

"T 

Se- 

Se- 

Se- 

Av- 

Se- 

Se- 

Se- Av- 

z. 

ries 

ries 

ries 

er- 

ries 

ries 

ries 

er- 

r'. 

A 

B 

D 

age 

A 

B 

D 

age 

6a 

Burlap  applied  immediately,  followed 
in  24  hours  by  paper  A  for  r>  days. 

93 

92 

89 

91 

102 

91 

115 

103 

oi. 

Burlap  applied   1   hour  after  molding, 
followed  in  24  hours  by  paper  A  for 
6  days. 



S4 



si 



109 



109 

6c 

Burlap  applied  3  hours  after  molding, 
followed  in  21  hours  bj  paper  A  for 
6  days. 

'.12 

U2 

100 

100 

13b 

Paper  A  foi  7  days;  applied  1  hour  after 
moldine. 

/« 

.... 

<6 

Sll 

.... 

SO 

13c 

Paper   A   lor  7  days;   applied   3  hours 
after  molding. 

76 

74 

,'u 

73 

46 

75 

63 

61 

9a 

Burlap  applied  immediately   followed 
in  21  hours  by  liquid  material  A. 

'.13 

st; 

9(1 

IDS 

.... 

115 

112 

19b 

Liquid  material  A  applied  I  hour  after 
molding. 

.... 

,3 

53 

.... 

57 

.... 

57 

19c 

Liquid  material  A  applied  3  hours  after 
molding. 

/'4 

,3 

73 

50 

79 

75 

68 

Table   12.  —  Relative  efficiencies  of  miscellaneous  curing  materials 


I  j  ;■•  oi  curing 

Procedure 

Relative  efficiency  based 
on— 

Water  loss 

Strength 

< 
■J. 

■7. 

$ 

ej. 
C3 
Z> 

> 

< 

< 
- 

■2J 
ZL 

Zj 

7a 
sa 

11a 

12c 

Sodium  silicate  with 
burlap. 

Calcium    chloride 
w  ith  burlap. 

i 'allium  chloride  ad- 
mixture with  bur- 
lap. 

Curing  blanket   . 

Burlap  applied  imme- 
diately followed  in  24 
hours  by  sodium  silicate. 

Burlap  applied  imme- 
diately followed  m  24 
hours  by  a  surface  ap- 
plication of  calcium  chlo- 
ride. 

Burlap  applied  imme- 
diately for  1  day;  2  per- 
cent calcium  chloride  ad- 
mixture added  to  mixing 
water. 

Curing  blanket  for  3  days; 
applied  3  hours  after 
molding. 

72 
59 

66 

45 

59 
57 

57 

If, 

66 
58 

62 

46 

76 

101 

si 
39 

SO 
'.10 

S3 

48 

82 
96 

84 

44 

In  the  following  discussion  of  the  results  shown  in 
tables  3  to  7,  inclusive,  consideration  will  be  given  first 
to  the  rate  at  which  specimens  cured  in  various  ways 
losl  water  during  the  exposure  period.     In  general,  the 
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values  obtained  for  the  various  methods  checked  very 
closely  from  series  to  series.  The  data,  also  show  that 
the  different  methods  varied  considerably  in  their 
ability  to  retain  moisture.  As  would  be  expected,  burlap 
covering  applied  immediately  and  kept  saturated 
(methods  3a,  4a,  and  5a)  not  only  retained  all  of  the 
mixing  water  during  the  entire  period  of  application, 
hut  also  added  water  in  amounts  of  from  1  to  4  percent. 
However,  as  soon  as  the  burlap  was  removed,  the  speci- 
mens started  losing  water,  the  amount  retained  at  the 
end  of  7  days  depending  upon  the  duration  of  the  burlap 
curing. 

It  will  also  be  observed  that,  where  the  initial  curing 
material  was  not  applied  until  3  hours  after  molding 
(methods  in  which  the  letter  c  follows  the  numeral),  the 
specimens  lost  from  3  to  5  percent  of  the  mixing  water 
before  they  were  covered.  Where  burlap  was  used  and 
removed  at  the  end  of  24  hours  (as,  in  methods  lie  and 
9c),  all  of  this  water  was  regained  during  the  first  day 
after  application.  However,  where  no  burlap  was 
used  (methods  13c  to  22c,  inclusive),  the  loss  was  per- 
manent, the  surface  sealing  materials  being  unable  to 
supply  moisture  lost  dining  this  period.  In  series  B, 
table  4,  tests  were  run  with  burlap  applied  I  hour 
after  molding  as  well  as  after  3  hours  (methods  4b, 
5b,  and  6b).  For  some  unknown  reason  this  procedure 
did  not-  result  in  adding  water  to  the  specimens,  the 
amount-  of  contained  moisture  being  exactly  the  same 
at  the  end  of  the  burlap  curing  period  as  when  it  was 
applied. 

It  will  be  noted  that  none  of  the  surface  sealing  mate- 
rials was  completely  effective  in  retaining  all  of  the 
mixing  water  throughout  the  7-day  exposure  period. 
For  these  materials  moisture  losses  varied  from  I  to  3 
percent  for  the  most  effective  materials  to  as  much  as 
25  percent  for  the  poorer  materials.  Furthermore,  for 
a  given  material,  this  loss  was  about  the  same  whether 
the  material  was  used  with  or  without  burlap.  When 
exposure  in  the  curing  cabinet  was  carried  to  28  days 
(table  7),  further  loss  in  moisture  was  observed  in 
every  instance,  the  amounts  ranging  from  '_'  to  I  I 
percent,  depending  upon  the  material.  In  general, 
papers  A,  B,  and  C  and  liquid  curing  materials  A  and 
B  were  the  most  efficient  of  the  surface  seais  in  retaining 
water;  sodium  silicate,  the  curing  blanket,  and  liquid 
curing  materials  C  and  D  were  intermediate;  and 
papers  D,  E,,  and  F  were  the  least  efficient.  However, 
as  stated  above,  none  of  the  surface  sealing  materials 
studied  was  completely  effective  in  retaining  moisture 
during  the  7-day  exposure  period. 

STRENGTH    DETERMINATIONS    AFFECTED    BY    NONUNIFORM 
MOISTURE  DISTRIBUTION  WITHIN  SPECIMENS 

The  relative  efficiencies  of  the  several  curing  pro- 
cedures based  on  both  water  loss  and  flexural  strength 
after  7  days  of  exposure,  as  given  in  tables  3  to  6, 
inclusive,  have  been  regrouped  in  tables  8  to  1L\ 
inclusive,  in  order  more  readily  to  compare  the  effect 
of  varying  the  details  of  similar  methods  of  application 
as  well  as  to  facilitate  comparisons  of  the  results  of  each 
method  from  series  to  series. 

In  studying  these  data  the  reader  is  cautioned  against 
drawing  conclusions  regarding  the  comparative  values 
of  the  different  methods  based  on  comparisons  of 
individual  relative  efficiencies.  This  applies  particu- 
larly to  efficiencies  based  on  flexural  strength  results. 
As  will  be  noted  from  the  tables,  these  values  for  a  given 
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method  varied  considerably  from  series  to  series.  The 
variations  were  more  pronounced  for  the  surface 
sealing  materials  such  as  paper  and  the  liquid  curing 
materials,  than  where  methods  involving  burlap  only 
were  used.  Furthermore,  they  seem  to  follow  a  general 
trend  in  that  the  efficiencies  calculated  from  the  results 
of  tests  made  in  series  A  are,  in  general,  low;  those 
obtained  from  series  B,  are,  in  general,  high;  while  the 
results  obtained  from  series  1)  are,  as  a  rule,  interme- 
diate. As  previously  mentioned,  these  discrepancies 
may  possibly  be  the  result  of  variations  in  the  moisture 
condition  of  the  specimens  at   the  time  of  test. 

As  is  well  known,  the  distribution  of  moisture  within 
a  flexure  specimen  at  the  lime  of  test  will  appreciably 
affect  its  strength.  In  general,  if  the  shell  of  the  speci- 
men contains  more  moisture  than  the  core  (a,  condition 
usually  resulting  from  incomplete  saturation  after  dry- 
ing), the  extreme  libers  will  be  in  compression  and  the 
observed  breaking  load  will  be  higher  than  the  true 
value.  On  the  oilier  hand,  if  the  shell  contains  less 
moisture  than  the  core  (a  condition  usually  associated 
with  incomplete  drying)  I  he  observed  value  will  be 
lower  I  han  the  true  value.  Because  of  the  fact  that 
these  specimens  were  tested  after  an  immersion  period 
during  which  they  may  not  have  absorbed  sufficient 
water  to  become  completely  saturated,  it  is  possible 
that  the  comparatively  high  relative  strengths  obtained 
in  certain  series  may  have  resulted  from  incomplete 
saturation  of  the  specimens. 

In  preparing  the  specimens  for  test,  every  effort  was 
made  to  insure  uniform  distribution  of  moisture.  This, 
of  course,  is  the  only  condition  under  which  flexure 
tests  of  concrete  should  be  made.  I  [owever,  in  spec  I  ion 
of  the  fractured  specimens  indicated  that  in  many 
instances  complete  saturation  was  not  accomplished 
even  after  48  hours  of  immersion.  The  ideally  cured 
specimens  (method  la)  were,  of  course,  thoroughly 
saturated  when  tested.  The  specimens  thai  were  given 
no  curing  treatment,  as  well  as  those  cured  with  the 
least  efficient  surface  sealing  materials,  because  of  their 
lack  of  density,  absorbed  water  more  readily  upon  im- 
mersion than  the  specimens  cured  by  the  more  efficient 
surface  sealing  materials.  Therefore,  if  the  low  ratings 
for  the  various  curing  materials  were  obtained  because 
of  more  complete  saturation,  these  ratings  may  possibly 
be  considered  to  represent  more  nearly  the  true  curing 
effect  than  where  high  ratings  for  the  same  method  are 
shown. 

In  spite  of  wide  variations  in  strength  results  in  the 
different  series,  it  is  felt  that  the  strength  data  are 
significant  in  that  they  indicate  definite  trends  insofar 
as  the  general  effectiveness  of  the  several  classes  of 
curing  materials  are  concerned.  These  trends  will  be 
pointed  out  in  the  following  discussion  of  tables  8  to  12, 
inclusive. 

EFFICIENCY  OF  LIQUID  CURING  MATERIALS  INCREASED  BY 
DELAYING  APPLICATION  FOR  3  HOURS 

In  table  8  the  results  of  varying  the  time  of  applica- 
tion after  molding  and  the  duration  of  curing  with  wret 
burlap  are  given.  It  will  be  noted  that,  regardless  of 
the  time  elapsing  before  the  application  of  the  burlap, 
the  efficiency  of  this  method  of  curing  is  increased  as 
the  length  of  the  period  of  application  is  increased. 
This  is  true  for  both  water  loss  and  strength.  For 
instance,  method  3a,  where  the  burlap  was  applied 
immediately   and   remained   in    place   for   1    day,   had   a 
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relative  efficiency  based  on  water  loss  of  55  and  on 
strength  of  08.  When  the  same  material  was  allowed 
to  remain  in  place  3  days  (method  5a)  the  efficiency 
based  on  water  loss  was  raised  to  79  and  that  based  on 
strength  to  98.  The  effect  of  delaying  application  of 
the  burlap  was  to  lower  the  efficiency  as  measured  by 
strength  (methods  4a,  4b,  and  4c,  for  2-day  curing 
compared  with  methods  5a,  5b,  and  5c,  for  3-day 
curing).  The  same  trends  appear  when  the  efficiency 
is  measured  by  water  loss,  except  that  for  both  2-day 
and  3-day  curing  the  amount  of  water  remaining  at  the 
end  of  the  7-day  period  was  somewhat  less  when  the 
burlap  was  applied  1  hour  after  molding  than  when 
applied  3  hours  after  molding.  This  reversal  of  trend 
has  already  been  commented  upon. 

The  results  for  methods  4c-l,  5c-l,  4c-2,  and  5c-2 
show  the  effects  of  continuous  and  intermittent  sprink- 
ling. Comparing  4c  with  4c-l  and  5c  with  5c-l,  it 
will  be  noted  that  about  the  same  results  were  obtained 
when  the  burlap  was  kept  wet  by  sprinkling  as  when 
continuously  saturated  by  keeping  an  end  of  the 
covering  immersed  in  water.  The  effectiveness  based 
on  both  water  loss  and  strength  was,  however,  seriously 
affected  when  the  burlap  was  allowed  to  dry  between 
the  sprinklings  (results  for  method  4c  compared  with 
4c-2  and  5c  with  5c-2).  These  data  illustrate  the 
importance  of  maintaining  a  continuously  wet  covering 
when  burlap  is  used. 

The  results  obtained  with  the  six  curing  papers  are 
shown  in  table  9.  Papers  A,  B,  and  C,  seem  to  be 
about  equally  effective  as  is  also  true  for  papers  D,  E, 
and  F,  except  that  the  latter  three  papers  show  much 
poorer  results.  Papers  D,  E,  and  F,  in  fact,  gave 
strengths  little  better  than  those  for  specimens  receiving 
no  curing  treatment.  The  effect  of  period  of  applica- 
tion for  paper  A  may  be  noted  by  comparing  methods 
13b  and  13c.  It  will  be  observed  that  the  efficiency  of 
the  paper,  especially  from  the  standpoint  of  strength,  is 
somewhat  less  when  the  time  of  application  is  delayed. 

Comparisons  of  the  effectiveness  of  the  various  liquid 
curing  compounds  when  used  without  burlap,  that  is,  as 
recommended  by  the  manufacturers,  may  be  made 
from  table  10.  It  will  be  observed  that  liquid  materials 
A  and  B  were  considerably  more  effective  than  materials 
C  and  D.  However,  in  no  instance  except  one  does 
the  average  efficiency  approach  that  obtained  by,  say, 
the  3-day  burlap  curing  shown  in  table  8,  method  5a. 
The  exception  is  method  20c,  series  B.  This  is  an 
instance  where  an  unusually  high  value  may  have 
resulted  from  incomplete  saturation  of  the  specimens. 

It  will  be  observed  also  that  in  every  instance  except 
one,  the  relative  efficiency  of  the  liquid  curing  materials 
is  increased  by  delaying  the  application  until  3  hours 
after  molding.  This  is  just  the  reverse  of  the  trend 
shown  for  curing  with  paper  A  (table  9).  This  in- 
creased efficiency  may  possibly  be  accounted  for  by  the 
fact  that  when  the  liquid  material  was  sprayed  on  at 
the  end  of  3  hours,  surface  moisture  had  disappeared 
to  an  extent  which  permitted  a  more  perfect  seal  than 
when  the  material  was  applied  at  the  end  of  1  hour. 
The  results  emphasize  the  necessity  of  watching  this 
detail  carefully  when  applying  such  materials  in  the 
field. 

PRELIMINARY     CURING     WITH     BURLAP     BENEFITED    SPECIMENS 
LATER  CURED  WITH  OTHER  MATERIALS 

Table  11  permits  a  comparison  of  the  results  obtained 
with  paper  A  and  liquid  curing  material  A  when  used 


with  and  without  an  initial  curing  of  wet  burlap.  It 
will  be  observed  from  the  data  that  for  both  methods 
the  efficiency  of  the  surface  sealing  material  is  materially 
increased  by  the  prior  use  of  burlap.  Additional  data 
along  this  line  are  shown  in  table  5  (series  C).  The 
results  of  these  tests  were  not  included  in  table  11  be- 
cause, due  to  the  omission  of  the  method  involving  no 
curing  treatment,  no  calculations  of  relative  efficiency 
could  be  made. 

The  results  indicate  that  when  application  of  the 
burlap  is  delayed  for  3  hours,  the  strengths  of  the 
specimens  cured  without  burlap  (13c,  19c,  and  20c)  are 
very  nearly  as  high  as  when  burlap  was  used.  How- 
ever, because  the  saturated  burlap  returned  to  the 
specimen  water  lost  during  the  first  3  hours,  the  total 
water  retained  at  the  end  of  7  days  was  somewhat 
higher  when  burlap  was  used  than  when  the  paper  and 
liquid  curing  materials  were  used  as  recommended  by 
the  manufacturers.  In  general,  the  conclusion  is  that 
for  best  results  such  surface  sealing  materials  as  paper, 
liquid  asphalt,  etc.,  should  be  used  following  applica- 
tion of  wet  bin-lap  for  24  hours. 

In  table  12  are  shown  the  results  of  tests  with  sodium 
silicate,  calcium  chloride,  and  the  special  curing  blanket. 

In  testing  these  materials  the  general  practice  as 
used  in  the  field  was  followed.  For  sodium  silicate 
the  results  indicate  an  effectiveness  somewhat  less,  in 
general,  than  for  a  3-day  application  of  burlap  and 
considerably  less  than  the  best  waterproof  paper  or 
liquid  curing  materials  used  with  burlap. 

The  results  with  calcium  chloride  are  rather  con- 
flicting. For  instance,  the  strengths  obtained  in  the 
surface  application  method  are  somewhat  higher  than 
would  be  expected  from  the  water  losses  indicated.  It 
is  apparent  that,  at  the  low  relative  humidity  to  which 
these  specimens  were  subjected  (32  percent)  the  cal- 
cium chloride  withdrew  water  from  the  specimen  rather 
than  from  the  air.  The  strengths,  however,  are  quite 
high.  The  admixture  did  not  seem  to  provide  any 
better  water-retaining  properties  than  many  of  the 
surface  seals.  Moreover,  under  these  conditions,  the 
strengths  of  the  specimens  containing  the  admixture 
were  quite  low.  This  also  may  have  been  due  to  the 
low  humidity  and  high  temperature  (100°  F.)  to  which 
the  specimens  were  exposed. 

PROTECTION    AGAINST    MOISTURE    LOSS    OF    GREATEST 
IMPORTANCE 

The  special  curing  blanket,  which  was  wet  once 
when  applied  and  remained  in  place  3  days,  was  quite 
low  in  efficiency  as  measured  by  both  strength  and 
water  loss.  Attention  is  directed  to  the  fact  that  this 
blanket  was  of  burlap  and  jute  and  it  should  not  be 
confused  with  the  cotton  mats  which,  as  previously 
stated,  have  proven  highly  effective  for  curing  pur- 
poses. Neither  should  the  results  obtained  with  the 
jute  blanket  be  regarded  as  representative  of  what 
would  have  been  obtained  had  the  blanket  been  wet 
at  sufficiently  frequent  intervals  to  have  kept  it  in  a 
continuously  moist  condition. 

Relative  efficiencies  of  the  various  curing  materials 
based  on  water  retention  and  strength  at  the  end  of  28 
days,  are  shown  in  table  7.  Attention  is  called  to  the 
fact  that,  for  methods  3  to  11,  inclusive  (methods  involv- 
ing the  use  of  burlap),  the  results  are  the  average  of 
only  two  tests  for  the  "a"  methods  and  three  tests  for 
the  "c"  methods,  instead  of  five  tests  as  in  all  other 
instances. 
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With  the  above  limitation  in  mind,  it  may  be  noted 
that  all  of  the  methods  involving  burlap  only,  that  is 
methods  3a  to  5c,  inclusive,  had  low  ratings  after  28 
days  as  compared  to  the  corresponding  results  at  7  days. 
Furthermore,  the  beneficial  effects  of  burlap  curing  for 
3  days  as  compared  to  curing  for  1  day  appeal'  to  be 
somewhat  less  pronounced.  Specimens  cured  with 
waterproof  paper  A  following  burlap  curing  (methods 
6a  and  Gc)  developed  high  strength  at  28  days.  Atten- 
tion is  called  to  the  fact  that  the  paper  remained  in 
place  for  the  full  28-day  period.  The  same  material 
without  initial  burlap  curing  (method  13c)  showed  a 
relative  efficiency  of  only  40  as  regards  strength. 

Liquid  curing  material  A  gave  high  strengths  when 
the  burlap  was  applied  immediately  (method  9a)  but 
showed  a  comparatively  low  relative  efficiency  when 
application  of  the  burlap  was  delayed  3  hours  (method 
9c).  Without  burlap,  liquid  material  A  (method  19c) 
showed  a  rating  of  56,  only  slightly  lower  than  (he 
combination  in  which  the  burlap  was  applied  after  3 
hours.  These  trends  seem  to  parallel  in  general  the 
indications  at  7  days  (table  5,  series  C  and  table  1  I  ). 
With  respect  to  burlap  curing  as  compared  with  the 
sealing  materials,  it  might  be  pointed  out  that  in  this 
high-temperature,  low-humidity  atmosphere,  the  curing 
with  burlap  was  discontinued  at  3  days,  whereas, 
curing  continued  to  some  extent  under  the  seals  that 
were  effective. 

The  relative  efficiencies  of  the  methods  employing 
sodium  silicate,  calcium  chloride,  and  the  curing  blanket 
(methods  7,  8,  11,  and  12)  are  about  the  same  at  28 
days  as  at  7  days,  when  judged  from  the  standpoint  of 
water  retention,  but  are  much  lower  when  considered 
from  the  standpoint  of  strength.  However,  the  small 
number  of  specimens  represented  make  any  compari- 
sons involving  these  methods  of  doubtful  value. 

The  most  significant  point  in  connection  with  the 
28-day  test  data  lies  in  the  fact  that  in  only  two  in- 
stances did  the  strength  ratings  anywhere  near  approach 
that  of  method  la.  These  methods,  burlap  applied 
immediately  followed  by  waterproof  paper  A  (method 
6a),  and  burlap  applied  immediately  followed  by  liquid 
bituminous  material  A  (method  9a),  provide  the  most 
nearly  perfect  continuous  seals  of  any  of  the  methods 
tested,  thus  emphasizing  the  conclusion  that  the  great- 
est curing  efficiency  is  provided  by  those  methods  that 
protect  the  concrete  against  moisture  loss  to  the  great- 
est extent. 


The  results  obtained  in  this  investigation  seem  to 
warrant  the  following  general  conclusions: 

A.  As  regards  burlap  used  alone: 

1.  The  effectiveness  of  burlap  is  increased  by  length- 
ening the  duration  of  application. 

2.  The  effectiveness  of  burlap  is  decreased  by  in- 
creasing the  time  elapsing  between  the  placing  of  the 
concrete  and  the  application  of  the  burlap. 

3.  Burlap  is  not  as  effective,  when  sprinkled  inter- 
mittently as  when  kept  continuously  saturated. 

B.  As  regards  surface  sealing  materials: 

1.  The  effectiveness  of  such  materials  as  waterproof 
paper  and  liquid  curing  materials  applied  with  a  spray 
gun  is  materially  increased  when  preceded  by  applica- 
tion of  wet  burlap  for  24  hours. 

2.  The  effectiveness  of  such  membrane  coverings  as 
liquid  curing  materials  A  and  B  is  materially  unproved 
by  applying  the  covering  3  hours  after  molding  as  coin- 
pared   to  an  application   made   1    hour  after  molding. 


TOLL  ROADS  AND  FREE  ROADS 

(Continued  from  page  66) 

cities,  for  future  street  developments  and  also  for  other 
kinds  of  public  works  and  developments. 

As  one  of  its  most  important  recommendations,  the 
report  suggests  thecreation  of  a  Federal  Land  Authority 
with  adequate  capitalization  and  authority  to  issue 
obligations,  which  would  be  empowered  to  acquire, 
hold,  sell,  and  lease  lands,  in  connection  with  all  sorts 
of  public  improvements,  in  ways  designed  to  accom- 
plish (1)  the  total  or  partial  self-liquidation  of  such 
improvements,  (2)  the  coordination  of  the  various 
classes  of  improvements  by  the  establishment  of  a 
proper  relation  in  their  use  of  land,  and  (3)  the  elimina- 
tion of  embarrassing  delays  in  the  accomplishment  of 
desirable  improvements,  and  of  restriction  likely  to 
warp  the  form,  and  partially  to  defeat  the  purpose,  of 
the  improvements. 

The  report,  entitled  "Toll  Roads  and  Free  Roads," 
has  been  printed  as  House  Document  No.  272,  Seventy- 
sixth  Congress,  first  Session.  Single  copies  can  be 
obtained  without  charge  from  the  Bureau  of  Public 
Roads,  United  States  Department  of  Agriculture, 
Washington,  D.  C. 
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072,  177 

512,  112 

181,  llll 

608,  17.' 

110.700 

223,348 

31.885, 

85,  1 57 

809,547 

00.11411 

1,  737.  220 

397,039 

121,513 

1,215,635 

391,  181 

225,260 

1.307.0118 

119,863 

102,  17(1 

124,649 

265,886 

1,243,  412 

87,850 

63,300 

355,  150 

331.070 

1011.307 

525,999 

63,  37(1 

134,028 

1,000  gallons 

1,000  gallons 
226,  838 

84,  534 
159,944 

1.571,028 
187.011 
312,710 

.r,2.  40(1 
326,  s:;s 
328.021 

82,  077 
1,256,016 
562.  870 
445,906 
337.  527 
256,516 
242.  2117 
1  13,984 
2 is  608 
662,254 
929,293 
447,441 
181,  1(11 
581,086 

89,  450 
223.3110 

29,  058 

82,714 
742.  435 

81,650 

1,684,672 

397,039 

85,  77." 
1,206,838 

350,  190 
108.644 
1,307.116,8 
116,874 
188,783 

99,  668 

21,4.  163 

1.075,851 

87,850 

63,  300 
334.  327 
300.  607 
18,8,015 
481.812 

63,  376 
133  325 

1,000  gallons 
226,838 
84,534 

113,470 

1,571.028 

187,014 

312.710 

52,  190 
326,  s:;s 
328,921 

8 1 . sss 
1,256,016 
562,879 
145,906 
337,  527 
256,516 
234,941 
137,  106 
246,  133 
662. 254 
928,920 
447,  444 
171.044 
581,086 

so,  150 
223.  300 

20.  058 

82,  7  1  1 
712,  135 

81.521 

1,684,672 

385,834 

85,  775 
1,  157.015 
350,  loo 
107.  707 
1,397,068 
116,874 
1 88,  783 

99,668 

264,  163 

1,075,851 

87,850 

63,  300 
334,327 
309,697 
188,915 

4S4.  812 

63.  376 
133.325 

Cents 

1,000  gallons 

Arizona 

5,  187 

6,  256 
33,  284 
10,445 

7,  377 
1.256 

11,812 
10.471 

3,  870 

2,057 

12, 690 

158,  H3 

28,  869 
(i,  176 
2,892 

16,  465 

Colorado...   ...   .     .     . 

Florida .. . 

' leorgia ..  

Idaho ...   ...   ..   ..   .. 

9,  130 

102.664 
47.  778 
78,  620 

2'2 

»  189 

459,  133 

217.  176 
144,866 
271.431 
690,203 

1,053,961 

536,861 

190,248 

608,472 

117.  164 

232,817 

34,771 

85,  1 57 

812,  804 

96,  150 

1,802,216 

403,  333 

1 22,  866 

1 ,  278,  825 

103,  795 

230,  187 

1.  403,587 

120,886 

192,  170 

132,002 

280,862 

1,267,298 

92,950 

64,324 

355,  1 50 

341,023 

190,397 

542,  ss:; 

65,356 

139,612 

121,906 
1,965 

1,  226 

2,  702 
81,484 
24.749 

9,  1 17 

6    155 
9,  169 

'.'.  886 

3,  '.'.".7 
6,  111) 

64,987 
6    "il 
1.353 
63   190 
12,311 
1,927 
6.519 
1,023 

7,353 
14,976 
23,  886 

5,  

1,021 

6.014 

4 

2 

1 
3 

»  7,  266 

s  6,  578 

Maryland       

18,600 
25, 247 

13,  18  1 

c,l.  oils 

«  2.  175 

Michigan 

!'.■ 

i"  373 

Mississippi 

1 

'I  111.057 

27,386 

21,250 
39 

1 .  027 

2,  143 
67.  1  1  2 

8,300 
52,  557 

35,  738 

8.  707 

41,294 

26. 616 

New  Hampshire                        _     

New  Mexico . 

7'  j 

North  <  Sarolina                     .... 

1 

"  11,205 

Ohio  u. 

1 

•  10.  823 

1 

n  847 

2,  989 

3,  387 
24,981 

1,723 
Hi7.o61 

i  tan 

20,823 

25,  282 

1.  182 
41.  187 

701 

Washington 

West  Virginia 

16  884 
1,980 
5,  586 

Wyoming       

1  )istrict  of  Columbia 

Total 

is  3  96 

21,  106,636 

614,290 

20,  702,  .ill, 

1.  182,  618 

10,  li(  10.  72s 

19,504,621 

105,  107 

1  An  analysis  of  motor-fuel  usage,  similar  to  that  given  in  the  right-hand  portion  of 
table  Motor-Fuel  Consumption,  1937,  previously  issued  will  be  published  in  a  sub- 
sequent table. 

!  No  changes  in  tax  rates  reported  during  1938. 

1  Export  sales  and  oilier  amounts  not  representing  consumption  in  State  have  been 
eliminated  as  far  as  possible.  In  cases  where  States  failed  to  report  amounts  exempted 
from  taxation,  the  gross  amount  taxed  is  shown  in  this  column. 

1  Includes  allowances  for  e\  aporationand  oil  km-  losses.  Federal  use,  othei  public  use, 
and  nonhighway  use.  where  initial  exemptions  rather  than  refunds  are  made 

3  Within  300  feet  of  border,  tax  is  reduced  to  that  of  adjacent  Stale  Gallons  taxed 
at  2  cents.  3,787,000:  at  I  cents,  12,678,000, 

6  Motor  fuel  use  I  in  aviation. 


;  Represents  evaporation  or  loss  allowance  under  5-cent  tax  not  allowed  under 
additional  2-cenl  tax,  which  is  administered  under  a  separate  law. 

*  3  cents  per  gallon  refunded  on  nonhighway  use 

>  1  cent  per  gallon  refunded  on  motor  fuel  used  in  vehicles  licensed  to  operate  ex- 
clusively in  ni  ie 

>'  P  j  cents  per  gallon  refunded  on  motor  fuel  used  in  interstate  aviat  ion 

"  5  cents  per  gallon  refunded  on  nonhighway  uses 

'2  Diesel  oil  taxed  at  7'.>  cents  per  gallon. 

13  Amounts  given  do  not  include  66,240,000  gallons  of  liquid  fuel  (kerosene,  fuel  oil, 
etc.)  taxed  at  I  cent  per  gallon  but  not  subject  lo  I  he  3-cent  lax  on  motor-vehicle  fuel. 

i<  4  cents  per  gallon  refunded  on  motor  fuel  used  in  aviation. 

is  Weighted  average  rate. 
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STATE  MOTOR-FUEL  TAX  RECEIPTS,   1938 


[Compiled  for  calendar  year  from  reports  of  State  authorities] 


Tax 
rate 
per 

gallon  i 

K 

jceipts  from  taxation  of  motor  fuel 

<  ither  receipts  in  connection  with  motor-fuel  tax 

NT! 
total  re- 
ceipts 

Less 

tax  on 

ax  iation 

gasoline 

Stair 

i Iross 
tax  col- 
lections 

1  >educ- 

1  lull-    1    \ 

distribu- 

tors  f"i 

expenses  - 

receipts 
bj  State 

Refunds 
paid 

Net  re- 

ceipts 

by  State 

Distrib- 
utors' 

and 

licenses 

Inspec- 
tion 
fees  J 

Fines 

and 

penall  ies 

Miscel- 
laneous 
receipts  ' 

Total 

Adjusted 
ni-l  total 
receipts 

Alabama -  

( v  nts 
6 

5 

(,i  . 

3 

4 

3 

1 

7 

6 

5 

3 

4 

3 

3 

4 

4 
3 
3 
4 
6 
2 
5 

4 
4 
3 

4 
6 
3 
4 
4 

4 
3 
6 
4 

4 
4 
4 

5 
5 
5 
4 
1 
2 

Linn) 

dollars 

13.523 

5.  010 

10.004 

51.853 

v  62  ■ 

9,471 

2.211 

22,801 

[9,831 

1,54  ; 

1Q,  325 

.').  170 

15,504 

10,017 

12,655 

16.543 

5.  755 

10.695 

2(1,951 

29.(125 

22,  04S 

10.696 

12,059 

5,491 

11,365 

1,301 

3,  3'.)5 

24,348 

1.  486 
68,  917 

23,860 

3.  632 
;  48,031 
15,855 
11,246 
52,  574 

3,  754 
11.  451 

1,986 
IS,  375 
50,041 

3.  576 

2,530 
17.661 
16,684 

9,  170 
20,902 

2,505 

2,  523 

1,000 
dollars 

1,000 
dollar t 

13.523 

,-..016 

10,004 

51,853 

8,623 

9,  377 

2.211 

22,801 

ID,  633 

4,543 

30,  .'.I1,! 

21,  17(1 

15,504 

10,017 

12,  528 

16.  543 

5.  7.-.:. 

10,695 

20.  95 1 

29.025 

22.048 

10,696 

12.  059 

5.491 

11.279 

1,278 

3,  395 

24,348 

i.  4m; 

68,  228 
23,860 

3,577 
48,031 
15,538 

1 1,  246 
51,921 

3,  754 
11.  151 

i,  381 
18,375 
19,541 

3.  522 

2,  530 
17.661 
16,684 

9,470 
21 1.  91 12 

2.  505 

2,  523 

1,000 
dollars 

773 

1,000 
dollars 
13.523 

1,  243 

10,1104 

47,  101 

7.  165 

0,  192 

2,  Q69 
22.801 

1,088 
36,  481 
22.  259 
13,  233 
10,017 
1 2.  528 
16,543 

a,  929 
20.  104 
27.  724 
19,380 

1",  is] 

11.502 

1.  152 
11,026 

1.201 

(,297 

22,  294 

1,  066 
66.132 
23,300 

2,  254 
45.  982 

9,846 

51.914 

3,  492 
11,254 

1,048 
18,276 
42.  720 

2.  530 
16.  620 
15,421 

a.  386 
19,253 

2,  50.-, 

2,  .-.09 

1,000 
dollars 

1,000 
dollars 
56 

1,000 
dollars 

Ijino 
dollars 

1,000 
dollars 
56 

1,000 

dollars 

13,579 

1,243 

10.092 

47,  117 

7.  165 

9.  242 

2.07:1 
23,  232 
10.033 

4. (ISO 

30,  888 

22.  770 
13,234 

10,  168 

12,531 

16,627 

- 

9.  020 
20.  104 
27,  728 
19,  570 
1(1,  1S1 
1 1 , 630 

4,452 
11.170 

1,202 

3.  29S 
22,  362 

4.090 
oi..  la:, 
24,308 

2,318 
4.".  982 
13,910 

9,  SIC. 
52,001 

3.  495 
11.494 

1,  112 
19.  320 
42,717 

3.  521 

2,530 
16.621 
15,431 

9,  307 
la.  117 

2,508 

2,  520 

1,000 
doll  ii  rs 

1,000 

llnlhlrS 

13,  579 

4.  243 

« 

ss 
16 

10.  092 

California -- 

1.  752 

1.  158 

185 

142 

14 

2 

47,  117 

Colorado .  .  -- 

7.  465 

Connecticut 

94 

3 
28 

50 

1 

431 

2 

407 
511 

1 
151 

3 
'84 

9,  242 

Delaware 

1 

2.  073 

Florida. ..  . 

198 

403 

23,  232 

Georgia.-- -  

2 

19,633 

[daho  ..  

455 
3,038 
1.911 

2.271 

5 

4,  0S5 

Illinois . 

806 

105 
511 

2 

30.  sss 

Indiana...   .   

22.  770 

Iowa ..  .- 

1 
13 

13.23) 

Kansas. 

in:. 

10,  168 

Kentucky. 

127 

3 

7 

12.531 

Louisiana...    .      

77 

16,627 

Maine .  

PIT 
766 

757 
1.301 

2,668 

5 1 5 

557 

1.039 

253 

98 
2,054 

420 
2,  096 

."HO 

1 .  323 
2.049 
1,633 

1.   100 

7 
262 
197 

ir.) 
6,821 

5.  558 

Maryland 

9,929 

Massachusetts .  ... 

2(1,  194 

Michigan 

4 
1 

4 

lao 

45 

22,  683 

Minnesota.  .  _.  .  .  

187 

2 

10,57(1 

Mississippi6..  .     ..  

10, 181 

Missouri 

125 

9 

13  1 

11,636 

si; 
26 

4,452 

Nebraska ..  

7 

107 

30 

144 
1 
1 

OS 
21 
i, 
1,008 
64 

11 

11,  139 

Nevada 

1 
1 

1,202 

New  Hampshire--    

3.  298 

New  Jersey 

2  4 
63 

22.  362 

New  Mexico 

4,  090 

New  York .. 

689 

317 

60.  195 

North  Carolina 

1.002 
64 

6 

24,308 

North  Dakota 

2.  3 IS 

Ohio 

i:,.  982 

Oklahoma 

5 

5 

13.910 

Oregon   

8 

a.  838 

Pennsylvania 

653 

80 
3 

7 

S7 

3 

240 

64 

1,(444 
27 

_> 

.-,2.001 

Rhode  Island 

~~32~ 

10 

89 

3,  405 

240 
04 

1,011 

11,462 

South  Dakota     .     

100 

4.  102 

19,231 

Texas .  ...  

500 

54 

27 

12,  747 

Utah 

1 

1 

46 

3.  47s 

Vermont 

2,  530 

Virginia       .  .  .. 

1.041 

1,  21 13 

si 

1,649 

1 

1 
10 
11 
194 
3 
11 

16,621 

Washington . 

1 
11 

9 

I.'..  431 

West  Virginia . 

9,  397 

Wisconsin .. 

I'll 

19,447 

Wyoming 

3 

11 

30 

2,  47S 

District  of  Columbia-.  .. 

14 

2,520 

Total 

8  3.  90 

817,281 

3.705 

SI 3,  576 

386 

4,672 

38 

111 

'..  207 

772,060 

296 

'  No  changes  in  tax  rates  repelled  during  193s. 

2  The  indicated  States  make  allowances  to  distributoi  for  expense  of  collecting  the 
tax.  In  Kentucky,  Smith  Dakota,  and  Utah  allowam  es  of  2\i,  4.  and  3  per, ,  nt.  re- 
spectively, of  the  tax  otherwise  due  arc  made  in  consideration  of  both  expen  i  oi 
collection  and  gallonage  losses  in  handling.  In  these  stales  the  allowances  for  ex- 
penses only  have  been  estimated  as  1.  2,  and  l ' .  |  en  ent,  respectively 

i  ei     for  inspection  oi  motor-vehicle  fuel,     Whcn-vcr  possible,  fees  for  ins]  ection 
of  kerosene  and  other  nonmotor-vehicle  fuels  have  I  ecu  eliminated. 

4  Includes  ices  for  motor-fuel  carrier  permits,  refund  or  exemption  pern. its,  and 
miscellaneous  unclassified  receipts. 


•  Receipts  from  tax  on  lubricating  oil,  $784,000,  not  included  in  this  tabic. 

"  Special  county  taxes  of  3  cents  per  gallon  in  Hancock  County  and  2  cents  per 
gallon  in  Harrison  County,  amounting  to  $163,000  in  193s,  are  imposed  lor  sea-wall 
protect!, ,n  and  arc  not  included  in  this  table. 

'Ohio  imposes  a  3-cent  tax  on  motor-vehicle  fuel  and  a  1-cent  tax  on  all  liquid 
'i  I  he  receipts  from  the  1-cent  tax  applicable  to  nonmotor-vehicle  fuels  (kero- 

sene, fuel  oil,  etc  i  were  $633,000  These  receipts  have  been  eliminated  from  the  total 
given,  which  represents  a  4-cent  tax  on  motor-\"ehicle  fuel. 

'  Weighted  average  rale 
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STATE  MOTOR- VEHICLE  REGISTRATIONS 

1938 


[Compiled  for  calendar  year  from  reports  of  State  authorities  '] 


State 


Alabama... 

Arizona 

Arkansas.. - 

California 

Colorado 

Connecticut 

Delaware 

Florida 

Georgia 

Idaho 

Illinois 

Indiana. 

Iowa 

Kansas 

Kentucky 

Louisiana 

Maine 

Maryland 

Massachusetts.. 

Michigan 

Minnesota 

Mississippi  '< 

Missouri 

Montana 

Nebraska 

Nevada 

New  Hampshire 

New  Jersey 

New  Mexico 

New  York 

North  Carolina. 
North  Dakota.. 

Ohio 

Oklahoma 

Oregon.. 

Pennsylvania... 
Rhode  Island... 
South  Carolina.. 
South  Dakota... 

Tennessee 

Texas 

Utah 

Vermont 

Virginia... 

Washington 

West  Virginia.. . 

Wisconsin 

Wyoming 

District   of   Co- 
lumbia  

At  large. 


Registered  motor  vehicles,  private  and  com- 
mercial 2 


Total 
motor 
vehicles 


301, 990 
128.791 
220, 391 

2,510.867 
332,  774 
440,  335 
64,  078 
423,021 
432,  360 
137,851 

1,780.865 
922,  788 
740,  021 
573.  985 
414,207 
326, 199 
196,690 
395,  347 
843,  789 

1,408.835 
821.241 
215.  195 
837,  118 
171,326 
407,  330 
38,  424 
124,379 

1,000,684 
116.537 

2,  584,  123 
537,  242 
174,256 

1,870.249 
535.  399 
357.  321 

1,976,466 
168.888 
287,  913 
180.  632 
398,  624 

1.548,343 
127.004 
87,  402 
441.462 
523,  328 
275,  691 
840,  291 
80,  765 

162,  863 


Passenger  motor  vehicles 


Total 


250. 
LOS, 
167, 

2,213, 
277, 
369, 
53, 
352, 
359, 
109, 

1,  565. 
795, 
650, 
176, 
350, 
248, 
154, 
339, 
739, 

1,  269, 
705, 
163, 
703, 
130, 

34;. 
30, 
97, 


2,  2511 
461, 
141. 

1,686, 
441, 
297 

1,  730 
149, 
246, 
162 
337, 

1,231, 
107, 
78, 
373 
440 

230, 
703 
63 


Automo- 
biles (in- 
cluding 
taxicabs) 


148.614 


243,  745 

105,  354 
166,687 
213,152 
276,  767 
368,  664 

53,  559 
351,209 
356,  609 
109,  595 
565,  202 
793,  969 
650,  534 
476,  241 
349, 940 
248,  287 
153,861 
338,  885 
734, 585 

1,269,894 

705,  019 

161,015 

702,941 

130,  188 

342,  047 

30,  695 

97,  635 

863,  665 

89,  123 

,  259,  468 
460,  298 
141,111 

, 686,  555 
438, 979 
296,  837 

, 725,  674 
149,  223 
245,117 
152,040 
336,  900 

,  2.30,  548 

106,  373 
78,  265 

373,  896 
439,  328 
230,  024 
703,  227 
63,  176 

147,495 


Total 29,485,680  25,261,649  25,213,601    48,048  4,224,031  1,085,422  108,541  109,716 


Motor 
busses3 


6,  329 

439 
358 
(f) 

1, 093 
1.029 
(«) 

1,769 
2,595 
121 
(8) 
1,149 


346 
591 
467 
166 

1,011 

4,738 

(8) 
252 

2.  694 
516 

(8) 
228 
204 

(8) 

5,069 
469 

"843 
84 
(') 

2,  205 

655 

5.219 

411 

1.  468 

98 

684 

B76 

665 

95 

""800 
613 
580 


Motor 
trucks, 
tractor 
trucks, 
etc. 


51,0  10 
22,  998 
53,  346 

297,  715 
54.914 
70,  642 
10,519 
70, 043 
73, 156 
28,  135 

215.663 

127.670 
89.  487 
97.  39S 
63,  676 
77,  445 
42,  663 
55,  451 

104,  466 

138,941 

115,970 
51,486 

133,  661 
41,138 
65,  055 
7,  525 
26,  744 

131.950 
26,  945 

324,  655 
76,  101 
33,  061 

183.694 
94,215 
59. 829 

245.  573 
19,  254 
41,328 
28,  494 
61,040 

316,919 
19.  966 

"9,042 
67,  566 
83,  200 
45,  054 

136, 484 
17,  589 

14,  249 


other  regis- 
tered vehicles 


Publicly  owned  vehicles 


Federal  ' 


Trailers 

and 
semi- 
trailers' 


4,  56 
10. 162 

142.  268 
1,422 

5,  356 
2,772 

17,324 
12,684 
18,172 
23,  073 
62, 914 
•87,447 

6,  728 
(if) 

14,  586 

II  10, 144 

4,  208 

13, 122 
141,647 

31,033 
1,771 

33.  368 
2.  953 

41,294 
1,218 
4,76' 
7,276 
2,575 

40,771 

42,317 

849 

105,  249 

36,  498 
(') 

26,  225 

631 

5,396 

19,080 
(f) 

50, 944 

569 

1,853 

9,350 

17,826 
3, 058 
5,04 

10,  209 

809 


Motor- 
cycles 


816 
452 

517 

11,802 

1,271 

1,883 

231 
1,496 
1,233 

548 
6,  194 
4.543 
2,  558 
1,084 
1,116 
1,020 

834 
1,460 

765 
4,294 
2,226 

318 
1,792 

456 

1,  125 
109 
896 

4,767 

357 

10,  391 

1,705 

296 

9,073 

1,090 

1,531 

10,  561 

704 

1,011 

436 

1,502 

3.980 

428 

450 

1,743 

2,  025 
1,212 

3,  346 
272 

0  22 


Motor 
vehi- 
cles 


Trail- 
ers and 
semi- 
trail- 
ers 


1,992 
2,374 
2,067 
7,539 
2,347 
655 
312 
1,787 
2,  665 
1,541 
3.317 
1.631 
1,412 
1,504 
1,571 
1,827 
552 
2.366 
2,717 
2,542 
2,509 

1,  475 
2, 085 
2.090 
1,199 

696 
655 

2,  763 
2,178 
5.  629 
2,  181 

788 
2,476 

2,  435 
2,821 

3,  983 
460 

1.  570 
1,241 

2,  168 
5,368 
1,  758 

648 
3,231 
3.215 
1.188 
2,300 
1.300 

1,  262 
5,371 


55 
97 
25 

270 

23 

6 
4 
25 
45 
80 


22 
61 
11 
27 
10 
61 
3! 
81 
56 
57 
27 
27 
14 
21 
19 
26 
67 
40 
12 
12 
85 
42 
33 
123 
1 

14 
17 
45 

56 
14 

217 
77 
6 
39 
26 

20 
45 


2,  564 


Motor- 
cycles 


109 

13 
5 

21 
11 
17 

10 

1 


State,  county,  aDd 
municipal  6 


Motor 
vehi- 
cles 


Trail- 
ers and 
semi- 
trail- 
ers 


3,891 


,  700 
,790 


5,470 
6,  950 
5, 109 
8.M6 
681 

'«  2,  366 


Motor- 
cycles 


181 

13 

1,646 


87 
25 

317 
63 
89 

323 


357 


380 
164 


881 


1,125 


40:, 
23 


152 


1,193 
64 


165 
336 
148 
204 

57 

106 


143 

23 

31 

1,157 


294 

•"2 
168 
138 

11 
654 
195 

66 


545 

41 

1,036 


'70 


1,226 

105 

146 

12 


378 
46 


183 
164 

70 
360 


94 


Dealers'  reg- 
istrations and 
plates ' 


Regu- 
lar 
regis- 
tra- 
tions 


2.781 

1,704 

489 

4,532 

3,559 

2,848 

729 

2.638 

2.164 

419 

4,199 

2,467 

1,887 

2,045 

859 

321 

735 

8.462 

2,981 

1,957 


2.380 

2.114 

986 

1,492 

81 

556 

2,493 

405 

5, 381 

8,  529 

585 

4,  054 

3.733 

653 

29,614 

388 

792 

709 

582 

3,307 

385 

602 

5,268 

1,  503 

10,209 

2,428 

368 

2,308 


Extra 

sets 

of 

plates 


7,73  1 


20,315 


336 


522 
18,  445 


838 


1,586 


799  257, 469     8, 610     8, 081  139, 681    53, 064  29,  705, 220 


3,291 


1937  total 

registered 

motor 

vehicles 


313, 359 
129,210 
229, 867 

2, 484,  653 
337,217 
436,  564 
63,  599 
418,145 
441,847 
142,110 

1,768,946 
956,  016 
745,  602 
586,  685 
404,  455 
323, 498 
200.  907 
387, 410 
846,  556 

1,505,111 
822.  598 
226.286 
835, 895 
173,892 
412,  726 
40,  655 
125,939 
994,  497 
118,  106 

2,  561.  703 
525,  350 
173,  188 

1,876,132 
547.  263 
360,  348 

1,984,821 
167,  586 
296,  224 
184,  743 
400,  384 

1,552,114 
126,  692 
88,958 
440,  713 
535, 483 
290.  837 
854.  374 
81,837 

184,119 


Year's  change 

in  motor- 
vehicle  regis- 
trations 


Increase 

or 
decrease 


-11,369 

-419 

-9,476 

26,214 

-4,443 

3,771 

479 

4,876 

-9,487 

-4,  259 

11,919 

-33,  228 

-5,  581 

-12,700 

9,752 

2,701 

-4,217 

7,937 

-2,767 

-96,276 

-1,357 

-11,091 

1,223 

-2,  566 

-5,396 

-2,  231 

-1,560 

6,187 

-1,569 

22,  420 

11,892 

1,068 

-5,1 

-11.864 

-3,  02' 

-8,  355 

1,302 

-8.311 

-4.111 

-1,760 

-3,771 

312 

-1,556 

749 

-12, 155 

-15,146 

-14,083 

-1,072 

-21,  256 


-219,540 


Per- 
cent- 
age 
change 


-3.6 
-.3 

-4.  1 

1.  1 

-1.3 


1.2 

-2.1 

-3.0 

.7 

-3.5 

-.7 

-2.2 

2.4 

.8 

-2.1 

2.0 

-.3 

-6.4 

-.2 

-4.9 

.1 

-1.5 

-1.3 

-5.5 

-1.2 

.6 

-1.3 

.9 

2.3 

.6 

-.3 

-2.2 

-.8 

-.4 

.8 

-2.8 

-2.2 

-.4 

-.2 

.2 

.7 

.2 

-2.3 

-5.2 

-1.6 

-1.3 


-1. 


-11.5 


-.7 


1  Registration  periods  ending  not  earlier  than  Nov.  30  and  not  later  than  Jan.  31 
are  considered  calendar-year  periods.  In  those  States  where  the  registration  period 
is  definitely  removed  from  the  calendar  year,  registration  figures  were  obtained 
for  the  calendar-year  period. 

'  Wherever  possible  publicly  owned  vehicles  and  vehicles  not  for  highway  use  have 
been  eliminated  from  these  columns. 

•  A  complete  segregation  of  motor  busses  from  other  vehicles  is  not  available.  The 
figures  given  represent  common-carrier  busses  in  most  cases,  although  in  some  States 
contract  busses  and  contract  school  busses  are  included.  In  some  cases  city  busses 
are  not  included.  Where  no  busess  are  tabulated,  they  are  included  with  automobiles, 
unless  otherwise  noted. 

•  Figures  for  trailers  and  semitrailers  are  as  reported.  Apparent  inconsistencies 
are  due  to  the  fact  that  some  States  require  the  registration  of  tourist  trailers,  light 
work  trailers,  and  similar  vehicles,  whereas  other  States  register  only  freight-carrying 
trailers  and  semitrailers. 

»  Data  on  Federal  vehicles  obtained  through  agency  of  Procurement  Division, 
Department  of  the  Treasury. 

6  State,  county,  and  municipal  vehicles  are  included  with  private  and  commercial 
registrations  in  Colorado,  Kansas,  Maryland,  Michigan,  Mississippi,  New  Hamp- 
shire, and  Vermont.  An  unknown  number  of  Federal  vehicles  are  included  in  the 
figures  for  Indiana,  Iowa,  Kentucky,  Louisiana,  Montana,  New  York,  avo\"irginia. 


Some  States  give  State-owned  vehicles  only,  others  exclude  certain  classes  from 
registration,  such  as  fire  apparatus  and  police  vehicles. 

'  Figures  include  new-car,  used-car,  and  motorcycle  dealer  registrations  and  some 
wrecker  and  repairer  registrations.  Data  on  dealers'  extra  plates  are  incomplete, 
although  they  are  apparently  included  with  dealer  registrations  in  some  States. 

f  Included  with  motor  trucks. 

(  Includes  63.000  light  trailers  registered  without  charge. 

10  Trailers  of  1,000  pounds  capacity  or  more  prohibited  on  highways,  although 
permitted  in  cities  under  city  licenses.  Tractor-semitrailers  registered  as  motor 
trucks.    Light  trailers  permitted  but  not  registered. 

»  Includes  light  trailers  and  commercial  semitrailers.  Commercial  full  trailers 
included  with  motor  trucks. 

1!  Of  these  vehicles  approximately  1,700  are  also  included  with  private  and  com- 
mercial registrations. 

11  Taxicabs  included  with  motor  trucks. 

14  License  year  changed  to  Nov.  1  during  1938.  Registrations  recorded  on  this  table 
are  for  10-month  period  through  Oct.  1938.  Registrations  for  1939  in  Nov.  and  Dec. 
1938  were:  Automobiles,  150,822;  motor  busses,  1,367;  motor  trucks,  41,012;  total 
motor  vehicles,  193,201. 

15  Trucks  under  1,500  pounds  capacity  included  with  passenger  cars. 

16  Includes  405  automobiles  of  the  diplomatic  corps. 
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STATE  MOTOR- VEHICLE  RECEIPTS,  1938 


[Compiled  for  calendar  year  from  reports  of 

State  authoriti 

>s 

Total 
receipts, 
regis- 
tration 
and 
other 
fees 

Motor-vehicle  regis 

(ration  fees 

Registration 

fees,  other 
vehicles 

Total 
regis- 
tra- 
tion 
fees, 
all  ve- 
hicles 

Miscellaneous  receipts 

Total" 

Passenger  motor  ve- 
hicles 

Motor 
trucks, 
trac- 
tor 
trucks, 
etc. 

Trail- 
ers 
and 
semi- 
trail- 
ers 

Motor- 
cycles 

Total 

Deal- 
ers' 

licen- 
ses 

and 
plates 

Oper- 
ators' 

and 
chauf- 
feurs' 

per- 
mits 

Certi- 
ficates 
of 
title 

Spe- 
cial 

titling 
taxes < 

Fines 
and 

penal- 
ties 

Trans- 
fer or 
rereg- 
istra- 
tion 
fees 

Other 

re- 
ceipts 

Un- 
classi- 
fied 
re- 
funds 

Esti- 

State 

Total 

Auto- 
mo- 
biles 
(in- 
elud- 
ing 
taxi- 
cabs) 

Motor 
busses3 

mated 
service 
char- 
ges, 
local 
collec- 
tors ' 

1,000 
dollars 
4,314 
1,076 
2,908 

23, 930 
2,544 
6,611 
1,216 
6,432 
1,974 
2,380 

21,591 
9,635 

11,797 
3,823 
4,599 
4,892 
3,582 
5,069 
6,759 

20,  856 
9,377 
4,001 
9,439 
1,546 
2,442 
265 
2,711 

20,  204 
1,643 

47, 124 
7,211 
1,523 

27,  204 
5,  779 
2,922 

34,  513 
2,778 
1,633 
1,983 
4,173 

20,  263 
1,097 
2,365 
6,134 
3,  262 
5,  498 

13,001 

601 

2,145 

1,000 
dollar! 

3,858 
Ml!) 

2,495 
21,049 

2,049 

4,249 
894 

5,815 

1,  465 
2,269 

19,  925 
7,599 

11,188 
3,463 
2,971 
4,215 
2,725 
3,584 
4,121 

17,801 
8,832 
3,947 
8,273 
1,169 

2,  135 
245 

2,  262 

13,  806 
1,505 

43,418 
6,871 
1,404 

22,  370 
4,401 
2,  598 

27,710 
2,217 
1,316 
1,583 
3,907 

18,716 
921 
1,994 
5,  449 
2,487 
4,  524 

12,  377 

552 

1,333 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

1,000 

dollars 

3,858 

873 

2,718 

22,  068 
2,081 
4,275 
927 
6,082 
1,615 
2,305 

20,116 
7,923 

11,290 
3,576 
2,973 
4,806 
2,795 
3,710 
4,150 

18,819 
9,098 
3,947 
8,422 
1,183 
2,195 
F250 
2,267 

14, 100 
1 ,  540 

44,  037 
6,878 
1.409 

23,518 
4,624 
2,602 

28, 129 
2,222 
1,388 
1,614 
3,907 

19,253 
956 
2,022 
5,589 
2,700 
4,  586 

12,715 

587 

1,333 

1,000 

dollars 

456 

203 

190 

1,832 
463 

2,336 

289 

350 

359 

75 

1,475 

1,712 
507 
247 

1,626 
86 
787 

1,359 

2,609 

2,037 

279 

54 

1,017 

363 

247 

15 

444 

6,104 
103 

3,087 
333 
114 

3,686 

1. 155 
320 

6,384 
556 
245 
369 
266 

1,010 
141 
343 
545 
562 
912 
286 
14 
812 

1,000 

dollars 

3 

4 

57 

74 

27 

106 

22 
12 
25 
91 
50 
49 
21 
25 
12 
44 
45 
70 
91 
58 
5 

7S 
22 
30 
2 
23 
62 
11 

208 
32 
17 

235 
48 
25 

377 

17 

19 

17 

(») 

41 

14 

26 

59 

14 

43 

23 

8 

1 

1,000 

dollars 

251 

25 
124 
150 
113 
1,663 
135 

10 
319 

38 
400 
694 
162 

46 
522 
103 
559 
348 
2,  532 
943 
122 

1,000 
dollars 

1,000 
dollars 

1,000 

dollars 

193 

1,000 
dollars 

1,000 

dollars 

9 

81 

2 

215 

80 

300 

21 

22 

21 

12 

132 

264 

104 

11 

15 

1 

35 

31 

66 

80 

22 

6 

17 

10 

83 

1 

48 

961 

62 

360 

12 

2 

44 

125 

22 

578 

45 

31 

10 

7 

154 

25 

38 
10 
17 
13 
2 
8 

1,000 
dollars 

1,000 
dollars 

398 

1,  575 
16,996 

1,571 
2,822 

607 
4,044 

985 
1,638 
14,022 
5,905 
8,415 
2,543 
1,745 

2,  936 
1,898 
2,  963 
2,740 

12,609 
('.,  ,S89 

371 
1,499 
16,996 
1,571 

2,  698 
607 

3,  853 
875 

1,614 
14,022 
5.822 
8,415 
2,543 
1,666 
2,868 
1,882 
2,810 
2,  609 
"12.609 
6,734 

27 
76 
(') 

124 
(') 
191 
110 
24 
« 
83 

(') 
79 
68 
16 
153 
131 
(') 
155 

411 

920 

4,053 

M78 

1,427 

287 

1,771 

480 

631 

5,  903 

1,694 

2,  773 

920 

1,  226 

1,279 

827 

621 

1,381 

5,  192 

1,943 

62 

220 

989 

30 

20 

32 

259 

148 

33 

175 

316 

93 

109 

m 

587 

10  66 

119 

28 

1,002 

259 

2 
3 

60 
2 
6 
1 
8 
2 
3 

16 
8 
9 
4 
2 
4 
4 

1 
16 

7 

93 

Arkansas 

2 
130 
27 
169 

80 

1,263 

66 

104 

13 

1 

7 

California " .- 

159 

-9 
-6 

33 
206 

Florida 

-20 

109 

Idaho 

Illinois 

429 

274 

16 

36 

2 

425 
277 
190 
35 
196 

119 
97 

259 

238 
41 
66 
11 

532 
29 

947 

586 

872 

68 
21 

-18 
-112 

229 

Iowa 

134 

865 

3 

77 

30 

329 

3 

Louisiana - 

-37 

171 

390 

-52 
-62 

M  assaohu  setts 

664 

43 
2 
56 

Mississippi  " 

6,936 
852 

1,242 
155 

6,936 
852 

1,220 
154 

(') 
(') 
22 

1 

1,337 

317 

893 

90 

140 

13 

58 
5 

9 

1 
2 

5 
10 

1 
46 

2 

5 
4 
29 
3 
1 
1 
----- 

1 
3 
6 
6 
5 
16 
1 

290 
172 
68 

392 
62 

Nevada 

1 

30 

219 

1 

544 

56 

1 

New  Hampshire 

343 

3,875 

9,804 

955 

31,675 

4,113 
"1,073 
14,610 

2,643 

1,523 
19.  145 

1,732 
732 

1,359 

9, 509 

929 

31,675 

4,  056 

1,062 
14,610 

2,644 

1,484 
18,612 

1,692 
732 

1,355 

295 
26 

57 
11 

(') 
99 
39 

533 
40 

4 

4,002 

550 

11,743 

2,758 

331 

7,760 

1,758 

1,075 

8,  565 

485 

584 

224 

284 
34 
573 

0 
3 

1,148 

218 

O 

390 

2 

71 

30 

(') 

520 

34 

25 

134 

207 

57 

322 

34 

464 

-9 

New  York 

1,067 

121 

14 

753 

207 

74 

2,998 

426 

191 

259 

417 

19 

280 

so 

165 
144 
35 

-39 

-35 

-1 

North  Carolina 

147 
57 
418 
292 
175 
1,668 

24 

North  Dakota 

Ohio 

1,650 

Oklahoma.. 

186 
24 

267 

Pennsylvania 

-109 

South  Carolina 

27 

-44 

23 

319 

5 

398 
16 
42 

141 

47 

215 

4 

29 

-6 

Texas 

12,015 
510 
1,420 
4,092 
1,389 
3,478 
9,  375 
360 

11,865 

510 

"1,407 

4,092 
1,389 
3,  458 
9,168 
360 

150 
(') 
13 

"""20" 

207 

6,701 
411 
'  '574 
1,357 
1,098 
1,046 
3.  002 
192 

Utah 

66 

1 

Vermont 

-12 
-18 

Virginia 

245 
219 
136 

Washington 

525 

18 

136 

West  Virginia 

District  of  Columbia 

298 

70 



406 





Partial  totals  " 

224,489 

221,735 

2,754 

HI.  1)7(1 

8,848 

346 

Full  totals 

388,  825 

330,866 

340,061 

48,  764 

2,350 

21,  555 

6,597 

2,123 

2,724 

7,360 

4,222 

-588 

2,421 

1  Receipts  for  registration  periods  ending  not  earlier  than  Nov.  30  and  not  later  than 
Jan.  31  are  considered  calendar-year  receipts.  In  those  States  where  the  registration 
period  is  definitely  removed  from  the  calendar  year,  registration  receipts  were  ob- 
tained for  the  calendar-year  period. 

2  Segregation  of  registration  fees  by  type  of  vehicle  was  not  available  for  Alabama, 
Mississippi,  New  Hampshire,  Tennessee,  and  the  District  of  Columbia.  Total 
motor-vehicle  registration  fees  in  those  States  include  trailer  and  motorcycle  fees, 
except  in  New  Hampshire,  for  which  motorcycle  fees  were  reported  separately. 
Dealers'  license  fees  in  Tennessee  are  also  included  in  this  column. 

>  The  motor-bus  registration  fees  are  incomplete  (see  footnote  3  of  preceding  table). 
Where  no  fees  are  tabulated,  the  fees  of  busses  are  included  with  those  of  automo- 
biles, unless  otherwise  noted. 

*  Proceeds  of  special  excise  and  privilege  taxes  on  new-car  sales  have  been  segre- 
gated and  entered  in  this  column.  Receipts  from  a  2-percent  motor-vehicle  excise 
tax  in  Oklahoma,  imposed  as  part  of  a  general  sales  tax,  are  not  included  in  this 
table.     Proceeds  of  this  tax  were  $1,104,000  in  1938. 

8  In  many  States  county  or  local  officers  are  allowed  service  charges  for  issuing 
registrations,  operators'  licenses,  etc.  In  the  majority  of  cases  these  charges  are  in- 
cluded in  registration  and  other  fees.  The  amounts  shown  in  this  column  are  esti- 
mates of  service  charges  collected  and  retained  by  local  officials  and  not  reported  else- 
where in  the  table. 


6  Registration  fees  include  proceeds  of  State  "vehicle  license  fees",  $10,854,000,  im 
posed  in  addition  to  the  regular  registration  fees  of  $11,244,000. 

7  Included  with  motor-truck  fees. 

8  Fees  of  23,978  light  trucks  included  with  those  of  passenger  vehicles. 

8  Trailers  of  1.000  pounds  capacity  or  more  prohibited  on  highways,  although  per- 
mitted in  cities  under  city  licenses.  Tractor-semitrailers  registered  as  motor  trucks. 
Light  trailers  permitted  but  not  registered. 

10  Fees  of  light  trailers  and  commercial  semitrailers  only.  Fees  of  commercial  full 
trailers  included  with  those  of  motor  trucks. 

»  Fees  of  taxicabs  included  with  those  of  motor  trucks. 

11  License  year  changed  to  Nov.  1  during  1938.  Receipts  recorded  in  this  table  are 
for  calendar  year  and  include  fees  for  1939  registrations  received  from  Oct.  1  through 
Dec.  31. 

13  Registration  fees  are  collected  by  counties  and  State  does  not  maintain  complete 
record.    Figures  given  are  estimates  supplied  by  State, 
i*  Included  with  fees  of  automobiles. 
18  Included  with  motor-vehicle  registration  fees. 

'"  Fees  of  trucks  under  1,500  pounds  capacity  included  with  those  of  passenger  cars. 
"  Totals  of  columns  for  which  full  classified  data  were  not  available  for  all  States 
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[Compiled  fur  ci 

lendar  year  fn 

in  reports  of  State  authorities] 

Proceeds  of  State  imposts  on  motor  vehicles  operated  for  hire  am 

1  other  motor  carriers  ' 

State 

i  Iross-roceipts 
taxes  ■' 

Mile  ige,  ton- 
mile,  and 
pas 
mile  t  ixes 

Special  license  fees  and 
franchise  taxe  ■ 

Certificate 

or  permit 

fees  J 

Caravan 
taxes 

Miscellaneous 
receipts 

Total 

<  )n  weight  or 

capacity 

basis 

On  flat  rate 

basis 

Alabama  -  - 

1,000  dollars 

1,000  dollars 
19.) 

1,000  dollars 

1 ,000  dollars 

1,000  dollars 
6 

1,000  doltars 

1,000  dollars 

1,000  dollars 
201 

Arizona 

Hjfi 

166 

Arkansas 

1 

1 

California... 

2,  5  1 

s:j 

57 

2,735 

Colorado.     .  . 

581 

11 

59 1 

Connecticut 

253 

253 

Delaware '— _  . 

Florida 

272 

i 

1 
<;7 

2 
3 

1 

275 

•leorgia 

74 

Idaho 

21 

46 

9 

80 

Illinois  4 

Indiana. 

019 

138 
64 

10 

767 

Iowa 

17.; 

U152 

273 

5:57 

Kansas.. 

15 
39 

S 
12 

1.  167 

Kentucky.. 

5  IS 
■', 

2 

330 

Louisiana 

11 

Maine 

5 

19 

Maryland  '._  . 

Massachusel  1 

84 

11 

M 

99 

Michigan  .  . 

427 

127 

Minnesota. 

40 

IS 

-:o 

Mississippi  .. 

14 

73 

19-- 

6 

129 

Missouri 

492 

Montana   

20 

13 

21 

38 

3 

3 
23 

42 

Nebraska . 

47 

Nevada... 

152 

3 

193 

New  Hampshire 

3 

New  Jersey 

71 
174 

74 

New  Mexico. 

3 

177 

New  York  ' 

North  Carolina 

233 

253 

North  Dakota 

3 

i:< 

1 

17 

Ohio 

469 

169 

Oklahoma. 

1,456 
504 

8 

1,  464 

292 
13 

2  IS 

25 

1,069 

Pennsylvania 

13 

Rhode  Island.... 

9 

1 

Pi 

South  Carolina  .. 

80 

12 

338 

147 

443 

58 

>3 

230 

South  Dakota.-    . 

22 
2 

8 

477 

Tennessee . 

398 

Texas . 

100 

108 

fJtah... 

9 

9 

Vermont «... 

Virginia 

L>4s 
lfi 

5 

;<7 

253 

Washington    . 

117 

19 

189 

79 
334 

1SI 

HI 

79 

Wisconsin  _. 

1,246 

431 
25 

3 

2  014 

Wyoming... 

14 

220 

District  of  Columbia- 

102 

216 

83 

Total 

3.886 

6,781 

3,  862 

998 

746 

65 

16,  421 

Complete  classification  of  motor-carrier  tax  receipts  is  not  available  in  all  State,. 
The  classified  receipts,  in  sun iSe  .  include  miscellaneous  small  receipts  not  class- 
ified. 

2  Numerous  States  impose  taxes  on  the  gross  receipts  of  motor  carriers  in  connection 
with  general  State  sales  taxes  or  taxes  on  all  transportal  ion  companies  or  public  utili- 
ties. This  column  includes  only  the  proceeds  ol  gross-receipts  taxes  reported  hj  the 
states  as  special  taxes  on  motor  can  ier 

;i  It  is  oil  en  difficult  to  make  a  distinction  between  the  3  classes  of  receipts  listed  in 
the  third,  fourth,  and  fifth  columns  of  figures.    In  general,  the  proceeds  ol  special 


weigh!  or  capacity  taxes  and  taxes  imposed  at  a  Hat  rate  per  vehicle  arc  included 
under  special  license  fees  and  franchise  taxes,  application  or  tiling  fees  required  for 
the  issuance  ol  certificates  of  convenience  and  necessity  to  common  carriers  and  cor- 
respond in  a  permil  5  to  contract  and  other  motor  carriers  are  included  under  certificate 
or  permit  fees 

«  No  special  taxes  on  motor  carriers  reported. 
Motor-carrier  drivers'  licei 

6  Ton-mile  and  passenger-mile  taxes  paid  by  motor  carriers  in  lieu  of  registration 
fees  included  in  table,  State  Motor-Vehicli  Receipts,  1938. 
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APPLICATION  OF  THE  RESULTS  OF  RE- 
SEARCH TO  THE  STRUCTURAL  DESIGN 
OF  CONCRETE  PAVEMENTS1 

Reported  by  E.  F.  KELLEY,  Chief,  Division  of  Tests,  Public  Roads  Administration 


DURING  the  past  20  years  many  studies  have  been 
made  of  the  various  factors  that  influence  the 
structural  performance  of  concrete  pavement  slabs 
and  the  numerous  reports  of  these  investigations  are 
scattered  through  the  technical  literature.  Most  of 
these  reports,  of  necessity,  are  highly  technical  and  the 
mass  of  data  presented  and  the  detailed  descriptions 
that  are  included,  both  as  a  matter  of  record  and  in 
order  that  the  reader  might  have  confidence  in  the 
validity  of  the  results,  frequently  tend  to  obscure  the 
value  and  importance  of  the  conclusions. 

In  addition,  individual  reports  frequently  cover  but  a 
single  phase  of  a  given  subject  and  are  useful  only  when 
considered  in  connection  with  the  available  reports 
dealing  with  the  remaining  phases  of  the  same  subject. 
The  net  result  of  this  situation  is  that  many  facts  that 
have  been  well  established  by  research  are  little  appre- 
ciated ami  too  frequently  are  given  scant  consideration 
in  the  practical  design  of  pavements.  Tt  is  the  purpose 
of  this  paper  to  bring  together  under  one  head  ami  make 
available  for  the  practical  use  of  the  designing  engineer 
the  important  facts  that  have  been  developed  thus  far 
in  research  work  relating  to  the  structural  design  of 
concrete  pavements. 

In  the  field  of  bridges  and  buildings  the  basic  prin- 
ciples of  design  have  become  so  well  established  that, 
to  many  engineers,  the  term  "structural  design"  con- 
veys the  idea  of  a  rather  exact  and  accurate  mathe- 
matical procedure  to  be  followed  in  proportioning  the 
several  parts  of  a  structure.  No  such  presumed  accu- 
racy exists  in  connection  with  the  structural  design  of 
concrete  pavements. 

From  the  standpoint  of  stress  analysis  the  concrete 
pavement  is  a  highly  complex  structure.  It  is  sup- 
ported by  soil  whose  physical  properties  vary  appre- 
ciably at  different  locations,  at  different  points  in  the 
same  general  location,  and  even  at  different  times  at 
the  same  point.  It  is  subjected  to  the  action  of  external 
forces  produced  by  the  wheels  of  vehicles  and  the  mag- 
nitude of  these  forces  and  their  effect  on  pavement 
stresses  are  influenced  by  a  number  of  variables.  In 
addition,  it  is  constantly  subjected  to  high  internal 
stresses  produced  by  changes  in  temperature  and  mois- 
ture. Much  has  been  learned  concerning  the  influence 
of  the  different,  variables  on  pavement  stresses  but  a 
great  deal  of  additional  research  is  still  needed.  How- 
ever, on  the  basis  of  available  information,  reasonable 
assumptions  of  sufficient  accuracy  can  be  made  to 
insure  a  pavement  structure  that  will  function  in  a 
j   satisfactory  manner. 

Structural  design,  in  general,  is  distinguished  by  the 
use  of  conservative  unit  stresses  which,  for  structural 
steel,  are  well  below  the  elastic  limit  and,  for  concrete, 
well  below  the  ultimate  strength.  This  results  in  the 
so-called  factor  of  safety  which  is  depended  upon  to 
provide  for  all  the  unknown  conditions  for  which  it  is 

■Paper  presented  at  tho  annual  meeting  of  tin'  \merican  Concrete  Institute, 
March  1939.  Because  of  its  length,  this  report  will  he  prese:  ted  in  two  issues  of 
Public  Roads.     The  second  installment  will  appear  in  the  August  issue. 
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impossible  to  make  definite  provision.  In  contrast  to 
this  the  current  designs  of  concrete  pavements  are 
generally  such  that  the  factor  of  safety,  if  any,  is  so 
small  as  to  be  almost  negligible. 

The  maximum  combined  stresses  due  to  external 
loads  and  to  temperature  in  pavement  slabs  of  the 
dimensions  commonly  used  will  very  frequently  ho 
found  to  be  so  close  to  the  ultimate  strength  of  the 
concrete  that  there  is  little  or  no  margin  left  to  provide 
for  unknown  or  unforseen  conditions.  In  making  this 
statement  there  is  no  intention  to  imply  any  general 
criticism  of  present  practice  since  the  present  standards 
of  design  have  proven  reasonably  adequate.  When 
the  need  for  the  great  mileage  of  existing  pavements 
and  the  fact  that  structural  failures  of  these  pavements 
do  not  generally  endanger  human  life  are  considered, 
it  seems  probable  that  tiny  significant  increase  in  cost 
to  provide  a  margin  of  safety  comparable  to  that 
provided  in  bridges,  could  not  have  been  justified  from 
the  economic  standpoint.  However,  it  is  important  to 
recognize  that  the  low  or  negligible  factor  of  safety  that 
is  provided  in  designing  concrete  pavements  makes  it 
highly  desirable  to  he  somewhal  conservative  in  assum- 
ing design  values  for  the  different  variables  that  must 
be  considered. 

IMPACT  REACTION   DEPENDENT  ON   FOUR  VARIABLES 

Wind  loads  and  impact—  Neglecting  the  unpredict- 
able forces  caused  by  localized  differential  heaving  or 
subsidence  of  the  subgrade  soil,  the  external  forces  that 
create  stress  in  the  pavement  slab  are  produced  by 
vehicles.  Naturally,  the  heavier  vehicles  are  the  more 
important. 

One  of  the  earlier  investigations  ( / )  -'  developed  the 
important  fact  that  for  heavy  vehicles  of  the  usual  type, 
that  is,  four-  or  six-wheel  trucks  or  trailers,  the  critical 
stress  developed  in  a  concrete  pavement,  when  the  axle 
spacing  is  in  excess  of  about  3  feet,  is  primarily  a  func- 
tion of  the  wheel  load  and  not  a  function  of  the  gross 
load  on  the  vehicle  or  the  axle  spacing.  By  means  of 
his  theoretical  analysis,  Westergaard  {2)  subsequently 
arrived  at  the  same  conclusion  and  this  has  been 
confirmed  by  later  tests  (3).  This  finding,  which 
permits  attention  to  be  confined  to  wheel  loads  rather 
than  gross  loads,  greatly  simplifies  a  problem  already 
sufficiently  complicated. 

The  magnitude  of  the  vertical  force  exerted  on  a 
pavement  by  tin-  wheel  of  a  moving  vehicle  may  be 
considered  to  be  the  sum  of  the  static  weight  of  the 
loaded  wheel  and  the  additional  impact  or  dynamic 
force  created  by  the  movement  of  the  wheel  over  the 
irregularities  that  exist  in  the  pavement  surface.  '  The 
researches  of  the  Bureau  of  Public  Roads  have  demon- 
strated conclusively  that  the  impact  reaction  of  a 
moving  wheel  is  sufficiently  in  excess  of  the  static  wheel 
load  to  make  it  an  important  factor  in  pavement  design. 

The  impact  reaction  of  a  moving  wheel  depends  upon 
four  major  variables— wheel  load,  vehicle  speed,   tire 

'  Italic  figures  in  parentheses  refer  to  the  bibliography,  p.  102. 
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equipment,  and  road  rouglmess  (4).  Other  variables 
exert  some  influence  but,  in  general,  these  four  are  the 
important  ones.  An  increase  in  wheel  load  or  pavement 
roughness;  a  decrease  in  the  cuslnoning  qualities  of  the 
tires;  and,  within  limits,  an  increase  in  vehicle  speed; 
all  result  in  increased  impact  reactions. 

The  tests  that  have  been  made  have  amply  demon- 
strated the  fact  that  the  magnitude  of  the  impact  reac- 
tion is  a  function  of  the  wheel  load.  Also,  these  tests 
have  brought  out  important  facts,  not  previously 
known,  regarding  the  relation  between  wheel  load  and 
the  impact  reaction  that  it  produces.  In  bridge  design 
it  is  customary  to  express  impact  as  a  percentage  of  the 
static  live  load.  Therefore  it  is  important  to  observe 
that  while  the  total  impact  reactions  of  the  wheels  of 
motor  vehicles  increase  with  increase  in  wheel  load,  the 
percentage  of  impact,  or  the  ratio  of  the  dynamic  incre- 
ment to  the  static  load,  actually  decreases  as  the  wheel 
load  is  increased.  This  fact  may  be  attributed  largely 
to  the  relative  effects  of  sprung  and  unsprung  weights, 
and  to  the  relation  between  size  of  tire  and  its  cushioning 
properties. 

The  force  which  the  wheel  of  a  vehicle  delivers  to  the 
road  surface  is  made  up  of  two  component  forces.  One 
of  these  is  caused  by  the  unsprung  weight  on  the  wheel 
(that  is,  the  weight  of  the  parts  not  supported  by  the 
springs),  and  the  other  is  caused  by  the  spring  pressure 
on  the  axle  at  the  instant  of  impact.  The  part  of  the 
total  impact  reaction  caused  by  the  unsprung  weight 
is,  in  general,  considerably  greater  than  the  part  caused 
by  the  sprung  weight.  However,  the  ratio  of  unsprung 
weight  to  total  weight  is  not  a  constant  but  decreases 
as  the  total  or  gross  weight  is  increased.  Also,  as  the 
wheel  load  is  increased  the  tire  size  is  increased  and 
with  it  the  ability  of  the  tire  to  minimize  the  effect  of 
surface  irregularities.  The  result  is  that  for  a  given 
condition  of  road  rouglmess  an  increase  in  wheel  load 
is  not  accompanied  by  a  corresponding  percentage 
increase  in  the  dynamic  component  of  the  impact 
reaction. 

The  magnitude  of  the  impact  force  is  greatly  de- 
pendent on  the  type  and  condition  of  the  tire  equip- 
ment. Solid,  cushion,  and  pneumatic  tires,  in  the 
order  named,  produce  impact  reactions  of  decreasing 
magnitude.  The  tests  that  developed  this  information 
were  made  at  a  time  when  rubber  tires  of  the  solid  and 
cushion  types  were  commonly  used.  Fortunately, 
these  types  are  no  longer  in  general  use.  The  relatively 
few  solid  tires  that  are  now  used  must  be  operated  at 
such  low  speeds  that,  in  comparison  with  the  pneu- 
matic tires  used  on  high-speed  trucks  and  busses,  they 
need  be  given  no  consideration  from  the  standpoint 
of  impact.  Therefore  attention  may  be  confined  to 
pneumatic  tires. 

With  respect  to  pneumatic  tires  it  has  been  found  (5) 
that,  other  conditions  being  the  same,  the  dynamic 
increment  of  the  impact  reaction  of  high-pressure  and 
balloon  tires  is  closely  proportional  to  their  inflation 
pressures.  Therefore,  it  follows  that  for  a  given  wheel 
load  the  impact  reaction  created  by  low-pressure 
balloon  tires  is  appreciably  less  than  that  caused  by 
high-pressure  tires.  From  the  standpoint  of  pavement 
protection  the  balloon  tire  offers  the  additional  im- 
portant advantage  that  it  applies  the  load  to  the  pave- 
ment over  a  larger  area  of  contact,  a  condition  that 
results  in  a  lower  slab  stress.  This  relation  will  be 
discussed  in  detail  later. 


INTENSITY  OF  IMPACT  DECREASES  AS  FREQUENCY  OF  OCCURRENCE 
INCREASES 

'•  Another  fact  with  respect  to  the  effect  of  tire  equip- 
ment is  that  dual  tires  generally  give  somewhat  higher 
impact  reactions  than  do  single  tires  of  the  same  type 
and  same  load  capacity.  The  difference  is  a  vari- 
able which,  from  the  practical  standpoint,  may  safely 
be  ignored  since  the  increased  stress  in  a  concrete  pave- 
ment slab  resulting  from  the  greater  impact  effect  of 
dual  tires  may  generally  be  expected  to  be  more  than- 
offset  by  the  reduction  in  stress  resulting  from  their 
greater  area  of  load  application/  For  examine,  if  it  be 
assumed  that  a  certain  wheel  load  on  dual  high-pressure 
tires  produces  an  impact  reaction  of  10,000  pounds 
then  the  minimum  reaction  that  may  reasonably  be 
expected  from  the  same  load  on  a  single  high-pressure 
tire  of  comparable  capacity  would  be  of  the  order  of 
9,000  pounds.  With  reasonable  assumptions  as  to 
area  of  tire  contact  and  other  variables  the  computed 
stresses,  by  the  original  Westergaard  analysis  (2),  for 
loads  applied  at  the  interior  of  a  6-inch  slab,  are 
about  330  pounds  per  square  inch  for  the  9,000-pound 
load  on  the  single  tire  and  about  315  pounds  per  square 
inch  for  the  10,000-pound  load  on  the  dual  tires. 

When  a  wheel  runs  over  an  obstruction,  such  as  an 
inclined  plane  or  a  rectangular  block,  two  types  of 
vertical  impact  reactions  are  developed.  One  is  caused 
by  shock  as  the  wheel  strikes  the  obstruction  and  the 
other  is  caused  by  the  drop  of  the  wheel  from  the  ob- 
struction to  the  pavement.  In  the  earlier  investigations 
involving  pneumatic  tires  operated  over  artificial 
obstructions  at  speeds  up  to  about  55  miles  per  hour  (5), 
it  was  found  that  the  shock  reactions  increased  approx- 
imately in  direct  proportion  to  speed.  It  was  also 
found  that  drop  reactions  reached  maximum  values  at 
relatively  low  speeds,  of  the  order  of  25  to  35  miles 
per  hour,  and  that  these  were  not  exceeded  by  the  shock 
reactions  except  at  speeds  of  the  order  of  50  miles  per 
hour.  In  a  subsequent  investigation  (6)  involving  only 
balloon  tires,  it  was  found  that  the  use  of  artificial 
obstructions  resulted  in  maximum  drop  impacts  at 
speeds  of  from  20  to  40  miles  per  hour  and  that  these 
were  not  exceeded  by  shock  impacts  at  speeds  up  to 
70  miles  per  hour. 

From  these  tests  with  artificial  obstructions  it  might 
be  concluded  that  the  effect  of  speed  on  impact  reac- 
tions is  not  important  for  speeds  in  excess  of  40  miles 
per  hour.  However,  such  a  conclusion  would  require 
some  modification  as  a  result  of  the  tests  (6)  that  have 
been  made  to  determine  impact  reactions  resulting  from 
the  natural  roughness  of  road  surfaces.  These  tests 
were  made  at  28  locations  where  the  natural  roughness 
was  as  severe  as  would  permit  the  safe  operation  of  a 
heavy  vehicle  at  high  speed.  In  each  of  these  28  loca- 
tions the  shape  of  the  curve  of  impact  reaction  versus 
speed  was  different  depending  on  the  characteristics  of 
the  particular  roughness  condition. 

In  some  cases  the  maximum  impacts  were  observed 
at  relatively  low  speeds  but  in  the  majority  of  cases  the 
impact  reactions  showed  a  general  tendency  to  increase 
with  increases  in  speed  up  to  the  maximum  of  70  miles 
per  hour.  However,  this  statement  applies  to  indi- 
vidual locations.  When  all  the  maximum  impact  reac- 
tions were  plotted  against  speed  it  was  found  that 
a  general  maximum  was  reached  at  about  50  miles  per 
hour  and  that  this  remained  constant  up  to  70  miles 
per  hour,  the  maximum  speed  attained  in  the  tests 
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(fig.  24,  Public  Roads,  Nov.  1932).  iTherefore,  it 
seems  reasonable  to  conclude  that  the  effect  of  speed 
on  impact  reaction  may  be  neglected  for  speeds  in 
excess  of  50  miles  per  hour.  J 

Two  investigations  have  been  made  to  determine  the 
effect  of  conditions  of  general  road  rougbness  on  the 
magnitude  of  impact  reactions  (6,  7).  This  is  in  con- 
trast to  the  study  of  extreme  conditions  of  rougbness 
already  described.  In  these  tests,  roads  of  various 
degrees  of  roughness,  as  determined  by  the  relative 
roughness  indicator  (8),  were  selected  for  study  and  the 
test  vehicles  with  different  wheel  loads  and  different 
tire  equipments  were  operated  over  them  at  various 
speeds. 

It  was  found  that,  other  conditions  being  the  same, 
there  was  a  rather  definite  relation  between  the  mag- 
nitude of  the  impact  reaction  and  the  frequency  of  its 
occurrence.  Of  the  great  number  of  impacts  that  may 
occur  on  a  given  section  of  road,  those  of  the  greatest 
magnitude  occur  only  a  few  times  while  those  of  lesser 
intensity  occur  a  greater  number  of  times  and  the 
intensity  decreases  as  the  frequency  of  occurrence 
increases.  For  example,  in  the  tests  with  a  motor  bus 
equipped  with  balloon  tires  and  operated  at  a  speed  of 
40  miles  per  hour  over  a  very  rough  concrete  road,  it 
was  found  that  the  impact  factors  (ratio  of  total  impact 
reaction  to  static  wheel  load)  for  frequencies  of  1,  40, 
80,  and  100  times  per  mile  were  approximately  2.20, 
1.65,  1.55,  and  1.50,  respectively.  However,  the  magni- 
tude of  the  impact  factor  for  a  given  frequency  becomes 
less  as  the  roughness  of  the  pavement  decreases.  The 
impact  factors  for  the  same  vehicle  as  described  above, 
operated  at  the  same  speed  of  40  miles  per  hour  over  a 
smooth  concrete  pavement,  were  approximately  1.25 
and  1.18  for  frequencies  of  1  and  100  per  mile, 
respectively. 

It  is  immediately  apparent  from  this  relation  be- 
tween frequency  and  magnitude  of  impact  factors  that, 
from  the  standpoint  of  pavement  design,  it  is  necessary 
to  select  some  reasonable  frequency  and  to  compute 
dynamic  loads  on  the  basis  of  the  impact  factor  cor- 
responding to  this  frequency.  Designing  a  pavement 
for  a  maximum  load  that  may  occur  only  once  per  mile 
would  certainly  be  open  to  serious  question  and  it  is 
necessary  to  select  an  impact  force  that  occurs  with 
sufficient  frequency  to  be  of  practical  importance.  A 
frequency  of  100  per  mile,  corresponding  to  the  maxi- 
mum impact  reaction  that  may  be  expected  to  occur 
on  an  average  of  once  every  50  feet,  is  suggested  as  a 
reasonable  assumption. 

The  existing  data  do  not  permit  the  evaluation,  from 
any  single  series  of  tests,  of  all  the  variables  that  have 
been  discussed.  However,  some  of  the  variables  have 
been  studied  in  each  series  of  tests  and  it  is  possible,  by 
interpolation  and  extrapolation,  to  combine  the  data 
in  the  reports  that  have  been  mentioned  (4>  5,  6,  7)  so 
as  to  give  impact  factors  that  are  in  agreement  with  our 
present  knowledge  of  the  subject  and  which  are  suffi- 
ciently accurate  for  purposes  of  design.  Such  impact 
factors  for  a  range  of  static  loads  on  wheels  equipped 
with  dual  high-pressure  and  balloon  tires,  a  speed  of  50 
miles  per  hour  on  a  pavement  having  a  reasonable 
degree  of  smoothness  (neither  extremely  rough  nor 
extremely  smooth),  and  a  frequency  of  100  per  mile, 
are  given  in  table  1. 

The  pavements  on  which  impact-frequency  studies 
were  made  were  rated  with  respect  to  degree  of  rough- 
ness with  the  relative  roughness  indicator  (5)  and  it  is 


interesting  to  observe  that,  with  minor  exceptions,  the 
order  of  rating  would  have  been  the  same  had  they  been 
rated  for  roughness  by  means  of  the  impact-frequency 
curves.  In  other  words,  the  roughness  indicator  gave 
a  qualitative  measure  of  the  characteristics  of  the  pave- 
ment surface  that  determine  the  magnitude  of  impact. 
However,  while  the  roughness  indicator  is  a  useful  in- 
strument, it  is  not  one  of  precision.  As  it  has  com- 
monly been  used  the  motor  vehicle  on  which  it  is 
mounted  becomes  an  integral  part  of  the  instrument 
and  the  results  are  reproducible  only  with  the  same  car 
operated  under  the  same  conditions.  Therefore,  while 
a  given  instrument  mounted  on  a  given  car  gives  a 
qualitative  measure  of  the  relative  roughness  of  differ- 
ent road  surfaces,  it  is  not  possible  to  express  these 
results  in  absolute  figures. 

Table   1. — -I  nipact  factors  and  total  impact-road  reactions 


Speed — 50  miles  per  hour. 
Frequency — 100  per  mile. 
Condition  of  pavement  surface- 


-reasonably  smooth. 


Dual  high-pressure 
tires 

Dual  balloon  tires 

Static  wheel  load,  pouuds 

Impact 
factor 

Total 
impact 
reaction 

Impact 
factor 

Total 
impact 
reaction 

4,000                            

2.05 
1.80 
1.(17 
1.56 
1.48 
1.41 
1.36 

Pounds 
8, 200 
9,000 
10, 000 
10,900 
11,800 
12,  700 
13,600 

1.70 
1.54 
1.43 
1.37 
1.31 
1.27 
1.24 

Pounds 
6,800 

5,000 

7,700 

6,000  .                            

8,  600 

7,000.. 

9,600 

S,  III  III 

10,  500 

9,000 

11,400 

10,000 

12,400 

The  tests  that  form  the  basis  for  the  data  given  in 
table  1  were  made  on  pavements  that  appeared  to  repre- 
sent reasonable  average  conditions  of  surface  roughness, 
intermediate  between  extremely  smooth  and  extremely 
rough  surfaces.  A  more  precise  definition  cannot  be 
given.  On  account  of  this  variable  and  the  others  that 
affect  the  magnitude  of  the  impact  reactions,  the  data 
given  in  table  1  can  be  considered  only  as  approximate. 
They  represent  the  best  estimate  that  can  be  made,  on 
the  basis  of  existing  data,  of  the  maximum  impact  reac- 
tions, important  with  respect  to  design,  that  can  reason- 
ably be  expected  to  occur  as  the  result  of  the  normal 
operation  of  the  heavier  motor  vehicles.  The  digit  in 
the  second  decimal  place  in  the  figures  for  impact  factors 
is  without  significance.  It  is  included  merely  for  the 
purpose  of  making  the  impact  factors  agree  with  the 
total  impact  reactions  which  are  given  to  the  nearest 
hundred  pounds. 

IMPACT  FACTOR  USED  SHOULD  BE  INDEPENDENT  OF  POSITION  OF 

LOAD 

As  will  be  shown  later,  in  a  concrete  pavement  slab  of 
uniform  thickness  the  magnitude  of  the  critical  stress  is 
greatly  influenced  by  the  position  of  the  wheel  load ; 
that  is,  whether  it  is  near  an  edge,  a  corner,  or  in  the 
center  of  the  slab.  Since  the  higher  impact  reactions 
will  be  produced  at  the  points  where  the  surface  irregu- 
larities are  greatest,  it  follows  that  higher  impact 
reactions  may  be  expected  in  the  vicinity  of  transverse 
joints  and  cracks  than  in  the  interior  of  the  slab.  In 
view  of  this  consideration  Bradbury  (5)  has  suggested 
that  a  higher  allowance  for  impact  be  made  in  the 
computation  of  stresses  at  transverse  joints  than  in 
other  portions  of  the  slab.  However,  in  plain  (non- 
reinforced)    pavements    transverse    open    cracks    are 
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quite  likely  to  develop  at  random,  except  in  very 
sborl  slabs,  and  thereby  create  a  roughness  condition 
similar  to  that  at  formed  joints.  When  this  takes 
place  in  a  tliickened-edge  slab  a  condition  of  weakness  is 
created  at  the  broken  edge  of  the  slab  along  the  crack 
that  makes  it  desirable  to  overdesign  rather  than  under- 
design  the  thickness  of  the  pavement. 

Also  when  a  truck  wheel  leaves  the  edge  of  the  pave- 
ment and  then  rolls  back  on  the  slab  from  a  shoulder 
that  frequently  is  not  at  the  same  elevation,  an  impact 
reaction  of  considerable  magnitude  may  be  developed. 
These  considerations  lead  to  the  conclusion  that  nice 
distinctions  with  respect  to  the  position  of  the  load  on 
the  pavement  are  unwarranted  and  that  the  same  impact 
factor  should  be  used  irrespective  of  the  position  of  the 
load. 

DESIGN  STRESS  EQUAL  TO  50  PERCENT  OF  ULTIMATE  STRENGTH  IS 
CONSERVATIVE 

Fatigue  limit  of  concrete.  —  Concrete,  like  other 
structural  materials,  will  fail  under  repeated  loads  at 
unit  stresses  which  are  much  less  than  the  ultimate 
strength  as  determined  by  the  stress  at  failure  pro- 
duced by  one  application  of  static  load.  The  stress  at 
which  failure  takes  place  under  a  very  large  number  of 
loadings  is  known  as  the  fatigue  limit  or  the  endurance 
limit  and,  for  concrete,  it  is  expressed  as  a  percentage 
of  the  ultimate  strength. 

Investigations  of  the  fatigue  limit  in  flexure  under 
static  load  (10,  11,  12)  have  shown  that  concrete  may 
be  subjected  to  an  almost  unlimited  number  of  appli- 
cations of  a  stress  equal  to  about  55  percent  of  its  ulti- 
mate strength  without  danger  of  failure.  A  similar 
study  of  the  fatigue  limit  of  concrete  under  impact 
loads  (13)  gave  similar  results  although  the  maximum 
number  of  load  applications  was  only  about  83,000  as 
compared  with  the  one  or  more  million  that  are  usually 
considered  desirable  in  fatigue  studies.  From  this 
study  it  was  concluded  that,  with  respect  to  fatigue, 
the  behavior  of  concrete  may  be  assumed  to  be  very 
similar  under  both  static  and  impact  loads  and  that  the 
same  fatigue  limit  is  applicable  to  both. 

On  the  basis  of  these  investigations  it  has  become 
rather  general  practice  to  assume  about  50  percent  of 
the  ultimate  flexural  strength  as  a  safe  value  of  the 
working  stress  for  use  in  designing  pavements  to  resist 
wheel  loads.  However,  the  fatigue  limit  of  the  order 
of  50  percent  of  the  ultimate  flexural  strength  of  the 
concrete  has  been  established  by  tests  in  which  the  load 
applications  were  repeated  at  relatively  short  time 
intervals,  as  many  as  40  per  minute  in  tests  in  which  the 
loads  were  applied  without  shock.  In  contrast  to  this, 
under  normal  conditions  of  traffic  the  heavy  wheel  loads 
that  produce  maximum  stress  are  applied  to  the  pave- 
ment slab  at  relatively  long  time  intervals. 

Hatt  concluded  (11)  that  the  fatigue  limit  is  about 
the  same  for  beams  under  continuous  fatigue  loading 
as  for  those  under  fatigue  loading  with  short  rest,  peri- 
ods. This  is  based  on  tests  in  which  the  stress  cycles 
were  at  the  rate  of  10  per  minute  and  in  which  the  rest 
periods  were  not  between  individual  load  applications 
but  were  at  intervals  of  several  hundred  or  several 
thousand  stress  cycles.  Tt  is  by  no  means  certain  that 
the  fatigue  limit  might  not  be  considerably  different, 
and  possibly  higher,  for  stresses  applied  at  time  inter- 
vals corresponding  to  those  which  occur  between  suc- 
cessive applications  of  heavy  wheel  loads  to  a  pavement 
under  traffic. 


It  is  a  well-known  fact  that  stresses  above  the  fatigue 
limit  cause  progressive  inelastic  deformation  and  final 
failure.  However,  the  relation  between  intensity  of 
stress  above  the  fatigue  limit  and  the  number  of  repe- 
titions of  this  stress  that  will  cause  failure  is  not  well 
established  even  for  rapid  repetitions  of  stress.  For  less 
frequent  repetitions  nothing  is  known  concerning   it. 

On  the  majority  of  highways  the  heavier  vehicles 
constitute  a  small  percentage  of  the  total  traffic  and 
therefore  the  occurrence  of  maximum  load  stresses  is 
relatively  infrequent.  It  appears  therefore  that  the 
present  practice  of  assuming  the  design  stress  to  be 
approximately  50  percent  of  the  ultimate  strength  o 
the  concrete  is  a  conservative  one  insofar  as  the  stresses 
due  to  maximum  wheel  loads  are  concerned.  In  view 
of  the  possibility  that  the  fatigue  limit  for  these  infre- 
quent repetitions  of  stress  may  be  higher  than  is  indi- 
cated by  available  data,  this  practice  may  introduce 
some  factor  of  safety  of  unknown  magnitude. 

However,  the  limitation  of  the  design  stress  to  50 
percent  of  the  ultimate  strength  is  believed  to  be 
unduly  conservative  when  the  pavement  slab  is  de- 
signed for  the  combined  effect  of  stresses  due  to  load 
and  those  due  to  temperature  warping  since,  as  will 
be  shown  later,  the  maximum  combined  stresses  due 
to  load  and  temperature  occur  only  in  the  daytime 
during  the  spring  and  summer  months.  It  is  apparent, 
therefore,  that  the  frequency  of  occurrence  of  maximum 
load  stresses  in  combination  with  maximum  tempera- 
ture stresses  is  considerably  less  than  the  frequency 
of  passage  of  the  truck  wheels  that  produce  maximum 
load  stresses.  This  is  particularly  true  on  those  high- 
ways where  the  movement  of  heavy  trucks  is  princi- 
pally at  night. 

In  attempting  to  establish  safe  unit  stresses  for  use 
in  the  design  of  concrete  pavement  slabs  several  factors 
in  addition  to  fatigue  should  be  considered  and  these 
will  be  discussed  later.  It  is  sufficient  here  to  point 
out  that  the  many  uncertainties  regarding  the  fatigue 
characteristics  of  concrete  render  of  doubtful  value  any 
refinements  in  the  use  of  existing  data. 

STATIC  LOAD  STRESSES  MAY  EXCEED  IMPACT  LOAD  STRESSES 

Static  stress  versus  impact  stress. — -With  respect  to 
the  relative  stress  effects  of  static  and  impact  loads, 
exhaustive  tests  by  the  Bureau  of  Public  Roads  (as 
yet  unpublished)  have  shown  that  static  and  impact 
forces  of  the  same  magnitude,  applied  through  rubber- 
tired  truck  wheels,  produce  approximately  equal  strains 
in  concrete  cantilever  beams  that  are  free  to  deflect. 
The  procedure  followed  in  making  these  tests  has  been 
described  (14)-  However,  it  does  not  follow  from  this 
that  the  same  relationship  will  exist  in  a  concrete 
pavement  slab  resting  on  a  subgrade.  In  fact,  there 
is  some  evidence  to  indicate  that  it  may  not. 

A  very  limited  series  of  exploratory  tests  of  the  effect 
of  impact  loads  on  pavement  slabs  has  indicated  the 
possibility  that  the  stresses  due  to  impact  loads  may 
be  somewhat  less  than  those  due  to  static  loads  and 
that  the  difference  between  the  two  may  not  be  the 
same  in  all  portions  of  the  slab.  Any  differences  of  this 
character  that  may  exist  undoubtedly  result  from  the 
complex  interrelation  between  pavement  slab  and  sub- 
grade  and  from  the  difference  in  time  duration  of  the 
load  application.  The  maximum  impact  reaction  due 
to  a  wheel  load  is  effective  only  for  a  small  fraction  of 
a  second  while  static  loads  must  be  applied  to  the  pave- 
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ment  for  several  minutes  before  an  equilibrium  of  load 
and  strain  is  obtained. 

In  the  Arlington  tests  3  it  was  found  that  in  a  pave- 
ment slab  the  time  duration  of  the  load  application 
had  a  very  important  influence  on  the  observed  fiber 
deformation.  From  the  time  a  static  load  was  fully 
applied  to  the  slab  the  observed  fiber  deformations 
increased  at  a  fairly  uniform  rate  for  a  period  of  several 
minutes  before  equilibrium  was  reached.  The  increase 
in  deformation  during  this  period  amounted  to  as  much 
as  15  percent.  As  a  result  (15),  in  all  the  studies  of  the 
effect  of  static  loads,  the  loads  were  held  constant  for  a 
period  of  5  minutes  after  application  before  deformation 
measurements  were  made.  The  measured  strains  were 
therefore  larger  than  would  be  caused  by  the  momen- 
tary application  of  loads  of  the  same  magnitude. 

However,  even  if  significant  differences  are  eventually 
found  to  exist  between  static  and  impact  stresses  in  a 
pavement  slab,  there  are  no  means  for  evaluating  them 
at  this  time  and  therefore  the  assumption  must  be 
made  that  impact  forces  create  the  same  stresses  as 
static  forces  of  the  same  magnitude.  It  appears  that 
this  is  a  safe  practice  and  one  which  may  introduce  some 
factor  of  safety  that  at  present  is  unknown. 

Mathematical  analysis  of  stress. — In  1919  Goldbeck 
(20)  suggested  approximate  formulas  for  computing 
the  stresses  in  concrete  pavement  slabs  under  certain 
assumed  conditions  of  loading  and  subgrade  support. 
Among  these  approximate  formulas  is  one  which  has 
since  become  generally  known  as  the  "corner  formula-'. 
This  be  expressed  in  the  form 

ff'=ir-    -   --■         --  (1) 


where  <7,.  =  maximum  tensile  stress,  in  pounds  per  square 
inch,  in  a  diagonal  direction  in  the  top  of 
the  slab  near  a  rectangular  corner; 
P=load,  in  pounds,  applied  at  a  point  at  the 

corner ; 
//  =  depth  of  slab  in  inches. 

This  simple  formula  is  derived  on  the  assumption 
that  the  load  is  applied  at  a  point  at  the  extreme  corner 
of  the  slab;  that  the  corner  receives  no  support  from 
the  subgrade  and  acts  as  a  simple  cantilever;  and  that 
the  fiber  stresses  in  the  slab  are  uniform  on  any  section 
at  right  angles  to  a  line  bisecting  the  comer  angle. 

Some  years  later,  in  the  analysis  of  the  data  from  the 
Bates  Road  tests  (21),  it  was  found  that  there  was  a 
reasonably  good  agreement  between  the  wheel  loads 
that  caused  corner  failure  and  loads  computed  by  the 
corner  formula.  However,  it  is  now  quite  definitely 
known  that  the  corner  formula  gives  stresses  consider- 
ably higher  than  the  actual  stresses  in  pavement  slabs, 
even  under  extreme  conditions  of  warping.  The  agree- 
ment between  computed  loads  and  measured  loads  in 
the  Bates  Road  report  may  be  explained  by  the  fact 
that  the  latter  were  static  wheel  loads  while  the  loads 
that  actually  caused  corner  failures  were  the  impact 
reactions  due  to  these  wheel  loads.  In  view  of  the 
fact  that  the  truck  wheels  were  equipped  with  solid 
rubber  tires,  the  impact  loads  were  undoubtedly  con- 
siderably higher  than  the  static  wheel  loads. 
"  /In  1925  the  analysis  by  Westergaard  (2)  made  avail- 
able for  the  first  time  a  logical  and  scientific  basis  for 
evaluating  the  stresses  in  concrete  pavements.  This 
analysis  concerns  itself  with  the  determination  of  maxi- 

3  The  term  "Arlington  tests"  will  be  used  to  designate  the  investigation  of  concrete 
pavement  desiprn  made  by  the  Bureau  or  Public  Roads  at  the  Arlington  Experiment 
Farm  and  described  in  reports  listed  in  the  bibliography  (/*,  16,  17,  18,  19). 


mum  stresses  in  slabs  of  uniform   thickness  resulting 
from  the  following  three  conditions  of  loading: 

1.  Load  applied  close  to  the  rectangular  corner  of  a 
large  slab. 

2.  Load  applied  in  the  interior  of  a  large  slab  at  a 
considerable  distance  from  the  edges. 

3.  Load  applied  at  the  edge  of  the  slab  at  a  consider- 
able distance  from  any  corner. 

WESTERGAARD  EQUATIONS  GIVEN 

The  anlysis  involves  the  following  important  assump- 
tions: 

1.  That  the  concrete  slab  acts  as  a  homogeneous, 
isotropic,  elastic  solid  in  equilibrium. 

2.  That  the  reactions  of  the  subgrade  are  vertical 
only  and  that  they  are  proportional  to  the  deflections 
of  the  slab. 

3.  That  the  reaction  of  the  subgrade  per  unit  of  area 
at  any  given  point  is  equal  to  a  constant,  k,  multiplied 
by  the  deflection  at  that  point.  The  constant,  k,  is 
termed  the  "modulus  of  subgrade  reaction"  or  "sub- 
grade  modulus"  and  is  assumed  to  be  constant  at  each 
point,  independent  of  the  deflections,  and  to  be  the  same 
at  all  points  within  the  area  under  consideration. 

4.  That  the  thickness  of  the  slab  is  uniform. 

5.  That  the  load  at  the  interior  and  at  the  corner  of 
the  slab  are  distributed  uniformly  over  a  circular  area 
of  contact.  For  the  corner  loading,  the  circumference 
of  this  circular  area  is  tangent  to  the  edges  of  the  slab. 

6.  That  the  load  at  the  edge  of  the  slab  is  distributed 
uniformly  over  a  semicircular  area  of  contact,  the  center 
of  the  circle  being  on  the  edge  of  the  slab. 

For  the  three  positions  of  load,  the  analysis  results  in 
equations  which  may  be  expressed  as  follows: 

^-e^r^]------  » 

P  /Eh3\ 

<r,=0.275(l  +  M)plogi6(  W)  (3) 


IT       /M3\ 
^==0.529(1 +  0.54M)^[logm(j^J- 


-0.71 


1 


(1 


in  which 

P  =  load,  in  pounds: 

<r(.  =  maximum  tensile  stress  in  pounds  per  square 
inch  at  the  top  of  the  slab,  in  a  direction 
parallel  to  the  bisector  of  the  corner  angle, 
due  to  a  load  P  at  the  corner ; 

o-,=  maximum  tensile  stress  in  pounds  per  square 
inch  at  the  bottom  of  the  slab  directly 
under  the  load  P,  when  P  is  at  a  point  in 
the  interior  of  the  slab  at  a  considerable 
distance  from  the  edges ; 

cre=maximum  tensile  stress  in  pounds  per  square 
inch  at  the  bottom  of  the  slab  directly 
under  the  load  P  at  the  edge,  and  in  a 
direction  parallel  to  the  edge ; 

h= thickness  of  the  concrete  slab,  in  inches; 

ju  =  Poisson's  ratio  for  concrete; 

£"=modulus  of  elasticity  of  the  concrete,  in 
pounds  per  square  inch ; 

fc=subgrade  modulus,  in  pounds  per  cubic  inch; 

a  =  radius  of  area  of  load  contact,  in  inches. 
The  area  is  circular  in  the  case  of  corner 
and  interior  loads  and  semicircular  for 
edge  loads ; 

6=radius  of  equivalent  distribution  of  pressure 
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b  =  ^/l.6a2+h2-0.675hwhena<1.724h (5) 

b=a  when  a  >1.724A 

Values  of  b  for  various  values  of  a  and  h  are 
given  in  table  2. 
Value  of  Poisson's  ratio.- — If  an  isotropic,  elastic 
materia]  is  subjected  to  stress  in  one  direction  a  unit 
deformation  is  produced  in  the  direction  of  the  force 
and,  in  addition,  a  smaller  deformation  is  produced  in 
the  direction  perpendicular  to  the  force.  The  relation 
between  these  two  deformations,  expressed  as  tbe  ratio 
of  the  smaller  to  the  larger,  is  known  as  Poisson's  ratio. 
It  appears  in  the  Westergaard  equations  and  therefore 
a  value  must  be  assigned  to  it. 

The  results  of  several  investigations  to  determine  the 
magnitude  of  Poisson's  ratio  are  available  (22,  23,  24). 
The  general  conclusion  from  these  investigations  is  that 
there  is  no  definite  relationship  between  the  strength 
of  concrete  and  Poisson's  ratio.  With  respect  to  other 
variables,  such  as  age,  the  trends  are  not  very  definite 
and  the  conclusions  reached  by  different  investigators 
are  not  always  in  agreement.  It  is  apparent  that 
Poisson's  ratio  for  a  given  concrete  cannot  be  foretold 
and  that  for  purposes  of  design  it  is  necessary  to  select 
some  reasonable  and  safe  value. 

Table  2. —  Valves  of  b  for  variovs  valves  of  a  and  h,  computed  by 
equation  5 


Ratio  alh 


0 

.1..-  . 

.2 

.3 

.4 

.5 

.6 

.7 

.8 

.9 

1.0—. 
1.1.... 
1.2.... 
1.3.... 
1.4  ... 

1.5.... 
1.6.... 

1.7... 
1.724  i 


Values  of  b  in  inches  for  different  values  of  h  in  inches 


;,  =  4       fi  =  5       fc  =  6       ft  =  7       fi  =  8       ft=9      ft  =  10     A=ll     ft=12 


Inches 
1.30 
1.33 
1.43 
1.58 
1.78 

2.03 
2.32 

2.  f,4 
2.99 
3.36 

3.  75 

4.15 
4.57 
5.  no 
5.43 

5.88 
6.33 
6.79 
6.90 


Inches 
1.63 
1.66 
1.78 
1.97 
2.23 

2.54 
2.90 
3.30 
3.74 
4.20 

4.69 
5.19 
5.71 
6.  25 
6.79 

7.35 
7.91 
8.48 
8.62 


Inches 
1.95 
2.00 
2.14 
2.37 
2.67 

3.05 
3.48 
3.96 
4.49 
5.04 

5.62 
6.23 
6.  86 

7.50 
8.15 

8.82 
9.49 
10.18 
10.34 


Inches 
2.28 
2.33 
2.50 
2.76 
3.12 

3.56 
4.06 
4.62 

5.  23 
5.88 

6.  56 
7.27 
8  00 
8.75 
9.51 

10.29 
11.08 
11.88 
12.07 


Inches 
2.60 
2.66 
2.85 
3.16 
3.57 

4.07 
4.64 
5.29 
5.98 
6.72 

7.50 
8.31 
9  14 
10.00 
10.87 

11.76 
12.  66 

13.57 
13.79 


Inches 
2.93 
3.00 
3.21 
3.55 
4.01 

4.57 
5.22 
5.95 
6.73 
7.56 

8.44 
9.  35 
10.28 
11.25 
12.23 

13.23 
14.24 
15.  27 
15.52 


Inches 
3.25 
3.33 
3.57 
3.95 
4.46 

5.08 
5.80 
r,  61 
7  48 
8.40 

9.37 
10.38 
11.43 

12.  50 

13.  59 

14.70 
15.  82 
16.97 
17.24 


Inches 
3.58 
3,  66 
3.92 
4.34 
4.90 

5.59 
6.38 
7.27 
8.22 
9.24 

10.31 
11.42 
12.57 
13.75 
14.  95 

16.17 
17.41 
18.66 
18.96 


Inches 
3.90 
4.00 
■I  28 
4.73 
5.35 

6.10 
6.  96 
7  93 
8.97 
10.08 

1 1 .  25 
12.46 
13.71 
14.99 
16.30 

17.  64 
18.99 

20.  36 
20.  69 


'  When  a/h  is  greater  than  1.724,  6=0 

The  digest  by  Richart  and  Roy  (22)  shows  values  of 
Poisson's  ratio,  obtained  by  several  investigators  and 
involving  a  number  of  variables,  ranging  from  0.08  to 
0.28.  Koenitzer  (24)  reports  about  250  values  for  a 
range  of  conditions,  of  which  the  minimum  is  0.08,  the 
maximum  is  0.40,  and  the  average  is  0.18.  Approxi- 
mately 20  percent  of  the  values  reported  by  Koenitzer 
do  not  exceed  0.15,  78  percent  do  not  exceed  0.20  and 
95  percent  do  not  exceed  0.25. 

If  it  be  assumed,  on  the  basis  of  these  data,  that  a 
range  of  Poisson's  ratio  to  be  reasonably  expected  is 
from  0.10  to  0.20  and  an  average  figure  of  0.15  is 
assumed  for  design  purposes,  then  the  maximum  error 
in  computed  stresses  within  this  range  will  be  plus  or 
minus  4.3  percent  for  interior  stresses  and  plus  or  minus 
2.5  percent  for  edge  stresses.  The  effect  of  Poisson's 
ratio  on  corner  stresses  is  negligible.  Even  if  Poisson's 
ratio  happens  to  have  the  rather  high  value  of  0.25  the 
error  involved  in  assuming  it  equal  to  0.15  will  be  only 
8.7  percent  for  interior  stresses  and  5  percent  for  edge 


stresses,  the  effect  on  corner  stresses  still  being  negli- 
gible. It  appears,  therefore,  that  the  general  practice, 
first  suggested  by  Westergaard,  of  assuming  for  the 
purpose  of  pavement  design  that  Poisson's  ratio  is  equal 
to  0.15,  is  an  entirely  reasonable  one,  and  that  value  will 
be  used  hereafter  in  this  paper. 

In  addition  to  the  quantities  that  appear  directly  in 
the  three  stress  equations,  there  is  the  radius  of  rela- 
tive stiffness,  I,  which  is  defined  by  the  equation 


4 1       Eh3 
~  Vl2(l-M; 


)k 


(6) 


I, 


(7) 


Values  of  I  for  various  values  of  E,  h,  and  k  are 
given  in   table  3. 

Westergaard  has  expressed  equation  2  in  terms  of 
as  follows: 
Corner  loading 

and  Bradbury  (9)  has  shown  that,  when  ju  =  0.15,  equa 
tions  3  and  4  may  be  expressed  in  the  form: 
Interior  loading 

cr<=0.31G25p[4log10Q 

Edge  loading 

PI 


l.fif.o:-! 


ae= 0.57185  p|4  log10  (r)  +  0.3593~l       . 


(8) 


(9) 


NEW  FORMULA  FOR  CORNER  STRESSES  IN  AGREEMENT  WITH  TEST 

RESULTS 

Modified  equations  for  corner  loading. — If,  in  equa- 
tion 2,  for  corner  loading,  the  radius  of  contact  area,  a, 
is  assumed  equal  to  zero  then  the  influence  of  the  sub- 
grade  modulus,  k,  and  the  modulus  of  elasticity,  E, 
are  eliminated  and  the  equation  reduces  to  the  corner 
formula 

3P 


/,' 


1) 


Table  3.- — Radius  of  relative  stiffness,  I,  corn-puled  by  equation  6 

/x='0.15 


Sub- 
prade 
modu- 
lus k 

Rad:us  of  relative  stiffness.  7,  in 

nches 

for  different  values 

Modulus  of 

of  ft,  in  inches 

elasticitv  of 

concrete  E 

A  =  4 

A  =  5 

/i  =  6 

ft  =  7 

ft  =  8 

A  =  9 

A  =  10 

A=ll 

ft  =  12 

Lb.  per 

Lb.  rer  sq.  in. 

cu.  in. 

In. 

In. 

In. 

In. 

In. 

In. 

In. 

In. 

In. 

50 

23.9 

28.3 

32.4 

36.4 

40.2 

43.9 

47.6 

51.1 

54.5 

100 

20.1 

23.8 

27.3 

30.6 

33.  8 

37.0 

40.0 

43.0 

45.9 

3,000,000 

150 

18.2 

21.5 

24.6 

27.7 

30.6 

33.4 

36.1 

•  38.8 

41.4 

200 

16.9 

20.0 

22.9 

25.7 

28.4 

31.  1 

33.6 

36.1 

38.6 

300 

15.3 

18.1 

20.7 

23.3 

25.7 

28.1 

30.4 

32.6 

34.8 

I       400 

14.2 

16.8 

19.3 

21.6 

23.9 

26  1 

28.3 

30.4 

32.4 

f         50 

25.7 

30.4 

34.8 

39.1 

43.2 

47.2 

51.1 

54.9 

58.6 

100 

21.6 

25.6 

29.3 

32.9 

36.4 

39.7 

43.0 

46.2 

49.3 

4,000,000 

150 

19.5 

23.1 

26.5 

29.7 

32.8 

35.9 

38.8 

41  7 

44.5 

1       200 

18.2 

215 

24.6 

27.7 

30.6 

33.4 

36.1 

38.8 

41.4 

300 

16.4 

19.4 

22.3 

25.0 

27.6 

30.2 

32.7 

35.1 

37.4 

I      400 

15.3 

18.1 

20.7 

23.3 

25.7 

28.1 

30.4 

32.6 

34.8 

f        50 

27.2 

32.1 

36.8 

41.4 

45.7 

49.9 

54.0 

58.0 

62.0 

100 

22.9 

27.0 

31.0 

34.8 

38  4 

42.0 

45.4 

48.8 

52.1 

5,000,000 

150 

20.7 

24.4 

28.0 

31.4 

34.7 

37.9 

411 

44.1 

47.1 

200 

19.2 

22.7 

26.0 

29.2 

32.3 

35.3 

38.2 

41.0 

43.8 

300 

17.4 

20.5 

23.5 

26.4 

29.2 

31.9 

34.5 

37.1 

39.6 

I      400 

16.2 

19.1 

21.9 

24.6 

27.2 

29.7 

32.1 

34.5 

36.8 

f        50 

28.4 

33.6 

38.6 

43.3 

47.8 

52.3 

56.6 

60.7 

64.8 

100 

23.9 

28.3 

32.4 

36.4 

40.2 

43.9 

47.6 

51.1 

54.5 

6,000,000 

150 

21.6 

25.6 

29.3 

32.9 

36.4 

39.  7 

43.0 

46.2 

49.3 

200 

20.1 

23.8 

27.3 

30.6 

33.8 

37.0 

40.0 

43.0 

45  9 

300 

18.2 

21.5 

24.6 

27.7 

30.6 

33.4 

36.  1 

38.8 

■11  1 

400 

16.9 

20.0 

22.9 

25.7 

28.4 

31.  1 

33.6 

36.  1 

38.6 

The  derivation  of  the  corner  formula  (equation  1), 
involves  two  assumptions,  of  which  one  is  manifestly 
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incorrect  and  the  other  is  very  questionable.  When  the 
radius  of  contact  area  is  zero  the  load  is  assumed  to  be 
concentrated  at  a  point  at  the  extreme  corner  of  the  slab. 
This  is  an  impossible  condition  since  a  rubber-tired 
wheel  distributes  its  load  over  an  area  of  contact  of 
appreciable  size.  The  second  assumption  is,  in  effect, 
that  when  a  load  is  applied  to  the  corner  of  a  slab  which 
is  warped  upward  the  effect  of  subgrade  support  is 
completely  eliminated.  The  combination  of  these  two 
assumptions  results  in  computed  stresses  that  are  much 
higher  than  have  been  observed  in  carefully  conducted 
tests. 

When  the  corner  of  the  slab  is  warped  upward  there 
may  be  a  complete  lack  of  subgrade  support  immedi- 
ately beneath  the  corner  and  to  this  extent  the  original 
Westergaard  analysis  (equations  2  or  7),  which  involves 
the  assumption  of  uniform  subgrade  support,  is  incor- 
rect. Westergaard  has  recognized  this  and  has  sug- 
gested a  modification  of  the  analysis  which  takes  account 
of  this  condition  {25).  This  modification  involves 
assumptions  as  to  the  reduction  in  subgrade  support 
which  cannot  be  readily  evaluated  at  the  present  time. 
However,  it  does  recognize  the  fact,  which  is  corrobor- 
ated by  test  data,  that  while  there  may  be  no  contact 
between  slab  and  subgrade  immediately  beneath  a 
corner  load,  nevertheless  the  subgrade  support  in  the 
vicinity  of  the  corner  is  effective  in  reducing  the  maxi- 
mum stress  by  a  considerable  percentage  below  that 
computed  by  the  corner  formula. 

In  a  somewhat  limited  but  carefully  conducted  series 
of  tests  on  large  slabs  under  laboratory  conditions, 
Spangler  and  Lightburn  {26,  27)  observed  corner 
stresses  appreciably  greater  than  those  computed  by 
the  Westergaard  equation. 

As  a  result  of  these  observations  Bradbury  {9)  has 
suggested  the  modified  equation 

-vq>-or] <->- 

In  effect  this  equation  represents  the  assumption 
that  the  subgrade  modulus  in  the  vicinity  of  the  corner 
is  only  one-fourth  of  the  modulus  that  is  effective 
under  the  other  portions  of  the  slab. 

In  the  Arlington  tests  {19),  in  which  the  slabs  were 
exposed  to  normal  weather  conditions,  it  has  been 
found  that  in  the  daytime,  when  the  corner  is  warped 
downward  and  has  contact  with  the  subgrade,  there  is 
very  good  agreement  between  observed  stresses  and 
those  computed  by  the  Westergaard  formula  (equation 
7).  However,  at  night,  when  the  corner  is  warped 
upward,  the  observed  stresses,  while  lower  than  those 
given  by  the  corner  formula,  are  much  higher  than  those 
computed  either  by  the  Westergaard  equation  or  by 
Bradbury's  formula  (equation  10). 

Westergaard  has  shown  that  for  the  conditions 
assumed  in  his  analysis  the  maximum  corner  stress 
occurs  at  a  distance  from  the  corner,  measured  along 
the  diagonal  bisector  of  the  corner  angle,  equal  to  A*, 
where 

In  the  Arlington  tests  it  has  been  found  that  when 
the  slab  is  warped  upward  the  maximum  stress  occurs 
at  a  distance  from  the  corner  several  inches  greater  than 
the  computed  value  of  X\.  It  has  also  been  found  that 
observed  stresses  are  in  good  agreement  with  stresses 
computed  bv  the  equation 

'  -$>-(¥)'•] a5 


It  will  be  observed  that  this  equation  has  the  same 
general  form  as  the  Westergaard  formula  (equation  7) 
and  Bradbury's  formula  (equation  10).  However,  it 
is  purely  empirical  and  has  no  theoretical  background. 
Its  only  virtue  is  its  algebraic  simplicity  and  the  fact 
that  it  gives  results  that  are  in  reasonably  good  agree- 
ment with  a  considerable  number  of  tests  on  pavement 
slabs  exposed  to  normal  fluctuations  of  temperature 
and  moisture.  Its  use  is  suggested  pending  the  time 
when  more  exact  information  mav  be  available. 
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Figure  1. — Comparison  of  Corner  Stresses  Computed  by 
Various  Equations. 

A  comparison  of  the  results  given  by  equations  1,7, 
10,  and  11  is  shown  in  figure  1.  For  the  range  of  con- 
ditions assumed,  the  corner  stresses  computed  by 
Westergaard's  formula  (equation  7)  are  exceeded  by 
those  computed  by  Bradbury's  formula  (equation  10) 
by  7  to  20  percent,  by  those  computed  by  equation  11 
by  27  to  51  percent,  and  by  those  computed  by  the 
corner  formula,  equation  1,  by  38  to  104  percent. 

MODIFIED  EQUATIONS  FOR  INTERIOR  AND  EDGE  LOADING  GIVEN 

Modified  equations  for  interior  loading. — Early  in  the 
Arlington  tests  it  was  found  that  the  observed  stresses 
due  to  loads  in  the  interior  of  the  slab  were  not  as  great 
as  those  computed  by  equation  3  and  as  a  result  Wester- 
gaard modified  his  original  analysis  {28).  The  modified 
equation  for  stress  due  to  interior  loading  is 

,,  =  0.275  (1  +  M)p[loglo(f^)-54.54(0Z]_  (12) 

in  which 

Z=maximum  value  of  the  radius  of  the  circular 
area,  with  center  at  the  point  of  load  ap- 
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plication,    within    which    a   redistribution 
of  subgrade  reactions  is  made; 
Z=ratio  of  reduction  of  the  maximum  deflection. 

Westergaard  lias  stated  that,  under  actual  conditions, 
Z  may  be  expected  to  vary  between  0  and  0.39.  When 
Z=0,  equation  12  reduces  to  equation  3.  He  has  also 
suggested  as  a  reasonable  assumption  that  L=5l.  It 
is  immediately  apparent  that  the  values  assigned  to 
Z  and  L  and  the  relation  of  these  values  to  each  other 
have  a  major  effect  on  the.  computed  stresses.  More- 
over, reasonably  exact  values  can  be  developed  only 
from  the  data  obtained  in  tests  of  large  slabs. 

As  an  approximation  Bradbury  (.9)  has  suggested 
that  an  average  value  of  Z=0.20  be  assumed  and  this, 
and  the  further  assumption  that  L  —  5l  and  yu  =  0.15, 
leads  to  the  equation: 

<r,  =  0.31625p[4  log10  (j)  +  0.633ul  (13) 

For  the  conditions  which  obtained  in  the  Arlington 
tests,  values  of  L=1.75l  and  Z=^0  05  were  quite  well 
established  and  these  values,  with  /j  — 0.15,  lead  to  the 
equation 

a,  =  0.3  i 625p|~4  logI0(  A+  o.i 7ssl.     -  (14) 
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parison  of  ixtkiikik  stresses  computed  by 
Various  Equations. 


A  comparison  of  the  results  given  by  equations  8,  13, 
and  11,  is  shown  in  figure  2.  For  the  range  of  conditions 
assumed,  the  interior  stresses  computed  by  ('([nation 
I  1  are  from  72  to  82  percent,  and  those  computed  by 
equation  13  are  from  86  to  91  percent,  of  those  com- 
puted by  Westergaard's  original  formula   (equation  8). 

The  reduction  of  interior  stresses,  as  expressed  bv 
equation  12,  is  dependent  on  the  characteristics  of  the 
subgrade  and  the  slab  and  the  complex  reaction  between 
them.  Equation  14  is  representative  of  what  may  be 
expected  under  the  conditions  obtaining  in  the  Arling- 
ton tests  but  these  were  concerned  with  only  one  type 
of  subgrade  and  one  class  of  concrete.  In  view  of  this 
it  is  believed  that  equation  14,  with  its  rather  large 
stress  reductions,  is  not  suitable  for  general  use  as 
representative  of  average  conditions.  In  the  light  of 
present  knowledge  it  will  be  conservative,  and  not 
uneconomical,  to  continue  to  use  the  results  given  by 
the  original  Westergaard  analysis,  equation  8. 

Modified  equation  for  edge  loading.  In  the  Arlington 
tests  it  has  been  found  that  for  what  may  be  considered 
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Comparison    of    Edge    Stresses    Computed 
Equations  9  and  15. 


as  average  values  of  a,  the  radius  of  contact  area,  there 
is  good  agreement  between  observed  edge  stresses  and 
those  computed  by  Westergaard's  formula  (equation  9) 
when  the  slab  is  in  an  unwarped  condition.  For 
smaller  values  of  a  the  observed  stresses  are  somewhat 
less  than  the  theoretical  stresses  and  for  larger  values 
of  a  the  observed  stresses  are  somewhat  greater  than 
the  theoretical  stresses.  However,  the  differences  are 
not  great  and  no  serious  errors  will  result  from  the  use  of 
equation  9  for  the  computation  of  edge  stresses  in  a 
slab  which  is  not  warped.  The  same  equation  is  also 
applicable  when  the  edges  of  the  slab  are  warped  down- 
ward during  the  daytime,  although  in  this  case  the 
computed  stresses  may  generally  be  expected  to  bn 
slightly  less  than  the  actual  stresses. 

When  the  edges  of  the  slab  are  warped  upward  at 
night  the  observed  load  stresses  exceed  the  theoretical 
stresses,  as  in  the  case  of  corner  loading  although  not  to 
the  same  extent.  It  has  been  found  that  the  observed 
stresses  under  the  conditions  of  nighttime  warping 
are  in  reasonably  good  agreement  with  the  empirical 
equation 

a,  =  0.57 1 85 p [4  login  (  ~  ) -f  log  /']  ( 1  •"») 

A  comparison  of  the  results  given  by  equations  9  and 
15  is  shown  in  figure  :!.  For  the  range  of  conditions 
assumed,  the  edge  stresses  computed  by  equation  15 
exceed  those  computed  by  equation  9  by  0  to  17  percent. 

SIMPLIFIED  METHOD  OF  COMPUTING  STRESSES  PRESENTED 

Simplification  of  Stress  Computations. — The  equations 
of  Westergaard  and  the  modified  equations  that  have 
been  discussed  are  simple  algebraic  expressions  but 
their  solution  requires  a  considerable  amount  of  tedious 
labor.  However,  Bradbury  (0)  has  suggested  a  simpli- 
fied method  of  computation  which  reduces  the  determi- 
nation of  stress  by  means  of  these  equations  to  a  simple 
slide-rule  operation. 

He  has  pointed  out  that  all  the  equations  have  the 
general  form, 

CP 


h2 


(10) 


in  which  C  is  a  quantity  that  may  be  termed  a  stress 
coefficient.  The  coefficients  f,  and  Ce,  for  interior  and 
edge  stresses,  respectively,  are  fixed  by  the  ratio  l/b; 
while  the  coefficient  (',  for  corner  stresses  is  fixed  by 
the  ratio  ail. 
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Values  of  stress  coefficients  are  given  in  tables  4,  5,  6, 
and  7.  Table  4  gives  the  coefficients  for  comer  loading 
by  the  Westergaard  equation  7.  Table  5  gives  coeffi- 
cients for  corner  loading  by  the  modified  equation  11. 
Table  6  gives  coefficients  for  interior  loading  by  equa- 
tion 8.  Coefficients  for  interior  loading  by  equation  13 
may  be  obtained  by  subtracting  0.138,  and  those  corre- 
sponding to  equation  14  by  subtracting  0.282,  from  the 
values  given  in  table  6.  Table  7  gives  the  coefficients 
for  edge  loading  by  equation  9.  Table  8  gives  a  cor- 
rection factor  to  be  added  algebraically  to  the  coeffi- 
cients of  table  7  to  obtain  the  stress  coefficients  corre- 
sponding to  equation  15. 

Table  4.- — Stress  coefficients,  (',■,  for  corner  loading,  computed  by 
equation  7  {Westergaard),  n=0.1S 


Ratio  a/l 

C, 

Ratio  a/I 

c. 

Ratio  a/l 

( ', 

0 

3.000 
2.  767 
2.  647 
2.  549 
'.'  165 
2  388 
2.317 
2  251 
2.  1X9 
2.129 

2.072 
2.  (IIS 
1.965 
1.914 
1.865 
1   817 
1.  770 
1.724 
1.  680 
L.636 
1.594 

0.20... . 

1.594 
1.  552 
1.511 
1    171 
1.431 
I   392 
1   354 
1   316 
1 .  279 
1.243 

1.206 
1.  171 
1.  136 
1.  111! 
1  067 
1  033 
.999 
.  966 
.933 
.901 
869 

0.40.. 

ii  869 

0.01 

0.21    . 

0.41 

837 

0.02 

0.22  . 

0.42 

81 15 

0.03 

0.23 

0.24  . 

0.43  . 

771 

0.04. 

0.44 

713 

0.05 

0.25 

0.45- 

713 

0.06. 

0.26 

il    Hi 

682 

0.07 

0.27 

n  28 

0.47- 

652 

0.08- 

0.48..., 

.  622 

0.09... 

0.29.. 

0.49 

593 

0.10.. 

0.30 

0.50 

563 

0.11 

0.31.  .. 

0.51  . 

534 

0.12... 

0.32    .. 

0.52. 

505 

0.33... . 

0.53 

477 

0.14 

0.35    .. 

0..54 

0.55 

448 

0.15 

120 

0.16 

0.36— 

0.56 

.392 

0.17 

0.37 

0.57 

364 

0.18 

0.38— 

0.58.... 

336 

0.19 

0.39.  . 

0.59 

309 

0.20 

0.40    . 

0.60 

282 

Table  5. — Stress  coefficients,  Cc,  for  corner  loading,  computed  by 
equation  11  (Bureau  of  Public  Roads)  n—(l  15 


Ratio  a/l 

C, 

Ratio  all 

C, 

Ratio  nl' 

Cr 

0 

3.000 
2.  982 

2.958 
2.932 
2.  904 
2.875 
2.  S45 
2.813 
2.  7X0 
2.747 

2.713 
2,  678 
2.643 
2.607 

2.  570 
2.  533 
2.  496 
2.458 
2.419 
2.  380 
2.341 

0.20    . 

2  .',  1 1 
2.  301 
2.261 
2.  221 
2   180 
2.  138 
2.097 
2.  055 
2.  013 
I.  971 

1.928 
1.  885 
1.841 
1   798 
I.  754 
1.  710 
1.666 
1.621 
1   576 
1.  531 
1.486 

0.40 

1 .  486 

0.01 

11.21   . 

0.41 

1.  440 

0.02— - 

0.22  . 

0.42 

J .  394 

0.03 

0.23 

0.43 

I.  348 

0.04 

0.24 

ii  11 

1  302 

0.05 

0.25.... 

0.45 

0.46. 

1   256 

0.06 

0.26.. 

l  '.'i  19 

0.07 

0.27 

0.47 

I.  162 

0.08 

0.28 

0.48 

l .  115 

0.09 . 

0.29  . 

0.49 

1.068 

0.10 

0.30 

(1  50 

1.021 

0.11 

0.31 

0.51   

0.52 

.  973 

0.12... 

ii  32 

925 

0.13 

0.33 

ii  53— 
0.54 

.X77 

0.14— 

0.34 

829 

0.15 

0.35— 

0.55 

.781 

0.16. 

0.36 

0.56 

.732 

0.17 

0.37... 

0.57 

684 

0.18 

0.38 

.635 

0.19 

0.39..  . 

0.59 

.586 

0.20 

0.40 

0.60 

.537 

The  procedure  to  be  followed  in  using  these  tables  is 
very  simple.  By  means  of  the  ratio  a/h,  b  is  determined, 
by  interpolation  if  necessary,  from  table  2,  and  /  is 
obtained  from  table  3.  Then  the  ratios  a/l  and  l/b  are 
computed.  Using  the  ratio  a/l,  the  coefficient  Cc  is 
obtained  from  table  4  or  table  5.  Using  the  ratio  l/b, 
the  coefficient  d  is  obtained  from  table  6  and  the 
coefficient  Ce  from  table  7.  To  obtain  the  stress  coeffi- 
cient, C'e,  corresponding  to  equation  15,  the  correc- 
tion factor  Ke  corresponding  to  the  value  of  a/h  is 
obtained  from  table  8  and  is  added  algebraically  to  the 
value  of  Ce  obtained  from  table  7. 

Effect  of  variables  on  computed  stresses. — For  a  specific 
pavement  design  to  be  used  in  a  specific  location  it  is 
not   possible   at   present    to    predetermine,    with    any 
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degree  of  precision,  the  values  to  be  assigned  to  several 
of  the  variables  which  appear  in  the  stress  equations. 
Therefore  it  is  necessary,  both  when  the  design  is  for 
a  particular  project  and  when  it  is  a  general  design  to 
be  used  on  a  number  of  projects,  to  assign  reasonable 
and  rather  conservative  values  to  these  variables.  In 
order  to  do  this  it  is  necessary  to  have  some  knowledge 
of  their  relative  effects  on  computed  stressses. 

It  is  apparent  from  the  equations  that  the  computed 
stress  varies  directly  with  the  magnitude  of  the  wheel 
load.  The  effect  of  variations  in  Poisson's  ratio  lias 
already  been  discussed. 

Table   6. — Stress   coefficients,    C,,  for   interior  loading,1   computed 
by  equation  S,  y.  =  t).lo 


Ratio  l/b 

C> 

Ratio  lib 

c, 

Ratio  l/b 

Ci 

1  o        

0.338 
.391 
.438 
.  4X2 
.  523 
.561 
.  596 
.  630 
.  661 
.691 

.719 
.  746 
.771 
.796 
.819 
.SI2 
.  863 
.884 
.904 
923 

.942 
.960 

.977 
.  994 

1.010 

1.026 
1.042 
1.1157 
1 .  072 
1  086 

1.  100 
1.  113 
1.  127 
1    110 
1.  152 
1.  164 
1.177 
1    188 
1.200 
1.211 

1  222 
1.  233 
1    211 
1.254 
1.265 
1.275 
1.285 
1    29! 
1  304 
1.313 
1.  323 

6  0            —     . 

1.323 
I  332 
1.341 
1.349 
1   358 
1.367 
1   375 
1.383 
1    391 
1.399 

1    1117 
1.415 
1.423 
1.430 
1.438 
1.445 
1 .  452 
1.460 
1.  H,7 
1.474 

1.481 
1    487 
1.494 

1.501 
1.  507 
1.514 
1.520 
1.527 
1.533 

1     'Mil 

1    515 
1.551 
1.557 
1.563 
I.  569 
1   575 
1.581 
i   586 
1   592 
1 .  598 

I   603 
1.  609 
1.614 
1.619 

1.625 
1.630 
1.635 
1.640 
1.645 
1.651 
1.656 

11.0 

1.656 

1.1    . 

i,  1 

11.1  

1.660 

1.2 

6.2 

11.2 

1.665 

1.3 

6.3 

1.  670 

1.4 

6.4 

11   1 

1 .  675 

1.5 

6.5 

1 .  680 

1.6 

h  6 

11.6 

1 .  685 

1.7 

6.7 

11.7          

1 .  6.S9 

1.8 

6.8 

11.8        

1.694 

1.9  . 

i,   i 

11.9 

1.699 

2.0 

7.0    .. 

12.0 

1.703 

2.1 

7.1 

12.1 

1.708 

2.2 

7.2 

12.2 

1.712 

2.3 

7.3 

12.3 

1.717 

2.4    . 

7.4  .. 

12.4.. 

1.721 

2.5 

7.5 

12.5 

1.726 

2.6 

7.6  . 

12.6 

1.730 

2.7 

7.7 

12.7  

1.734 

2.8 

7. .8 

12.S    

1.739 

2  9 

7.9 

12.9 

1.743 

3.0 

8.0               

13.0 

1.747 

3.1 

8.1 

8.2 

8.3 

13.1 

1 .  752 

3.2 

13.2 

1.756 

3.3 

13.3 

1.760 

8.4              

13.4 

13.5 

1.764 

3.5 

8.5 

1.768 

3.6 

8.6          

13.6 

1.772 

3.7 

8.7            .   

13.7 

1 .  776 

3.8 

8.8 

13.8 

1.780 

3.9  .  . 

Ml       

13.9 

14.0. 

1 .  784 

4.0 

9.0 

1.788 

4  1 

9.1               

14  1 

1.792 

4.2 

9.2.     

14.2 

1.796 

4  3 

9  3 

14.3 

LSI  III 

4.4 

9  I 

111                 

1.803 

4.5 

9.5     

1.807 

4.6 

9.6                 

14.6 

1.811 

4.7 

9.7               

14.7 

I   815 

4.8 

9.8                

14.*.. 

1.819 

4  9 

9.9 

14.9 - 

1 .  822 

5.0 

10.0 

5.1 

in  I   

5  2 

1112    

5.3 

10.3 

10.4  

5.4 

5  5 

10.5 

5.6 

5  7 

10.6 

10.7              

5  8 

10.8 

5  9 

10.9         

6.0 

11.0 — - 

1  For  values  of  C,  corresponding  to  equation  13,  subtract  0.138  from  the  values  given 
in  this  table. 

For  values  of  C,  corresponding  to  equation  14,  subtract  0.282  from  the  values  given 
in  this  table. 

CONSERVATIVE  VALUE  OF  SUBGRADE  MODULUS  RECOMMENDED 

Effect  of  variations  in  subgrade  modulus,  k. — It  has 
been  stated  repeatedly  in  the  literature  that  variations 
in  the  modulus  of  subgrade  reaction  have  a  minor  effect 
on  the  computed  stresses.  The  accuracy  of  this  state- 
ment appears  to  depend  on  the  range  of  conditions  that 
are  under  consideration  and  the  degree  of  error  in  com- 
puted stresses  that  can  be  tolerated. 

Figure  4  shows  the  effect  of  variations  in  subgrade 
modulus  between  50  and  300  pounds  per  cubic  inch  on 
stresses  computed  for  interior,  corner,  and  edge  load- 
ings for  a  reasonable  range  in  values  of  a,  the  radius  of 
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INTERIOR  LOADING  CORNER  LOADING  CORNER  LOADING 

EQUATION  8  (WESTERGAARD)      EQUATION  7  (WESTERGAARD)  EQUATION  II    (B.P.R.) 


EDGE  LOADING  EDGE  LOADING 

EQUATION  9  (WESTERGAARD)  EQUATION    15  (B.P.R.) 


Figure  4.- 


200  300  0  100  200  300  0 

SUBGRADE  MODULUS,*  -POUNDS  PER  CUBIC  INCH 
^  =  5,000,000  POUNDS  PER  SQUARE  INCH,  EXCEPT  AS  NOTED        ^=0.15 

Effect  on  Computed  Stresses  of  Variations  in  Subgrade  Modi  i  i  s, 


/,-. 


Table  7. — Stress  coefficients,    C„  for  edge  loading,  computed  by 
equation  9,  n—O.15 


Ratio  lib 

c. 

1.0 

0.205 
.300 
.387 
.466 
.540 
.608 
.672 
.733 
.789 
.843 

.894 
.943 
.989 
1.033 
1.075 
1.116 
1.155 
1.192 
1.228 
1.263 

I.  -97 

1.329 
1.361 
1.392 
1.421 
1.450 
1.478 
1.505 
1.532 
1.557 

1.583 
1.607 
1.631 
1.654 
1.677 
1.700 
1.721 
1.743 
1.764 
1.784 

1.804 
1.824 
1.843 
1.862 
1.881 
1.899 
1.917 
1.934 
1.952 
1.969 
1.985 

1.1 _ 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7. 

1.8 

1.9 

2.0 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8 

2.9 

3.0 

3.1 

3.2 

3.3 

3.5 

3.6 

3.7 

3.8.... 

3.9 

4.0 

4.1... 

4.2 

4.3 

4.4 

4.5 

4.6 . 

4.7 

4.8 

4.9 

5.0 

5.1 

5.2 

5.3 

5.4 

5.5 

5.6 

5.7 

5.8 

5.9 . 

6.0. 

Ratio  lib 


8.0. 
6  I. 

6.2. 

6  3 

■■•  i 
i;  r, 
r,  r, 
6.7. 
6.8. 
6.9. 

J  ii 

7  I. 
7  2- 

7  :. 
7.4. 

:.:. 

7.6. 
7.7. 
7.8. 
7.9. 

8.0. 
8.1. 

8.2. 
8.3. 
8.4. 

8.5. 
8.6. 
8.7. 
8.8. 

8  9. 

9.O.. 
9.1.. 
9.2., 
9.3.. 

9  1 
9.5.. 
9.6.. 
9  7 
9.8.. 
9.9.. 

10.0 

in.l 
10.2 
10.3 

ll  4 
II!.', 

10.6 
10.7 
10.8 
10.9 

ii.ii 


C. 


1.985 
2.002 
2.018 
2.  034 
2.050 
2.065 
2.080 
2.  095 
2.110 
2.124 

2.139 
2.153 
2.  167 
2.180 
2.194 
2.207 
2.220 
2.233 
2.246 
2.259 

2.271 
2.284 
2.296 

J     MILS 

2.320 
2.331 
2.343 
2.  355 
2.366 
2.377 

2.388 
2.399 
2.410 
2.421 
2.431 
2.  442 
2.452 
2.463 
2.473 
2.483 

2.493 
2.503 
2.513 
2.522 
2.  532 
2.541 
2.551 
2.560 
2.  569 
2.578 
2.588 


Ratio  l/b 


11.0 
11.1 
11.2 
11.3. 
11.4. 
11.5. 
II. i, 
11.7. 
11.8. 
11.9. 

12.0. 
12.1. 
12.2. 
12.3. 
12.4. 
12.5. 
12.6. 
12  7. 
12.8. 
12.9. 

13.0. 
13.1. 
13.2. 
13.3. 
13.4. 
13.5. 
13.6. 
13.7. 
13.8. 
13.9. 

14.0. 
14.1. 

14.2. 
14.3. 
14.4. 
14.5. 
14.6. 
14.7. 
14.8. 
14.9. 


2.  588 
2.597 
2.  605 
2  614 
2.623 
2.632 
2.640 
2.  649 
2.657 
2.666 


r,,  t 
(ls2 
690 

C,!)'.l 

707 
715 
722 
730 
738 
746 


2.753 
2.761 
2.769 
2.  776 
2.784 
2.791 
2.798 
2.  806 
2.813 
2.820 

2.827 
2.  834 
2.841 
2.848 
2.855 
2.862 
2.869 
2.876 
2.  8S2 
2.  889 


contact  area,  and  h,  the  depth  of  the  slab.  All  stresses 
are  expressed  as  percentages  of  the  stresses  computed  for 
/  100.  The  curves  that  are  continuous  from  k =50  to 
£  =  300  are  for  stresses  computed  with  the  modulus  of 
elasticity,  E,  equal  to  5,000,000  pounds  per  square  inch. 


Table  8. — Values  of  correction  factor,1  K. 


Ratio  alh 

Values  of  K,  for  different  values  of  h  in  inches 

A  =  4 

A  =  5 

A  =  6 

h  =  l 

ft  =  8 

A  =  9 

A  =  10 

/i  =  ll 

A  =  12 

0 

-0. 140 
-.134 
-.117 

ii'...' 
-.062 

-.029 
.004 
.036 
.067 
.096 

.123 
.  148 
.172 
.194 
.215 

.234 
.253 
.270 
.274 

-0.  085 
-.079 
-.062 
-.037 
-.006 

.026 
.059 
.091 
.122 
.151 

.178 
.204 
.227 
.250 
.270 

.290 
.308 
.326 
.330 

-0.  040 

-.034 

-.017 

.009 

.039 

.071 
.104 
.137 
.  167 
.196 

.223 

.249 
.  273 
.295 
.316 

.335 
.353 
.371 
.375 

-0.  001 
.005 
.022 

.047 
.077 

.110 
.143 
.175 
.206 
.235 

.262 
.287 
.311 
.333 
.354 

.373 
.392 
.409 
.413 

0.032 
.038 
.055 
.080 
.110 

.143 
.176 
.208 
.239 
.268 

.  295 
.320 
.344 
.366 
.387 

.407 
.425 
.442 
.446 

0.062 
.067 
.084 
.109 

.  III! 

.  172 
.205 
.237 
.  268 
.297 

.324 
.350 

.373 
.396 
.416 

.436 
.454 
.471 
.475 

0.087 
.093 
.110 
.135 
.166 

.198 
.231 
.263 
.294 
.323 

.350 
.376 
.400 
.422 
.443 

.462 
.480 
.498 
.502 

0.  Ill 
.117 
.134 
.159 
.189 

.222 
.  255 
.287 
.318 
.347 

.374 
.399 
.423 
.445 
.466 

.486 
.504 
.521 
.525 

0  133 

0.1 

139 

0.2. 

156 

O.3.. 

181 

0.4 

211 

0.5 

244 

0.6 

277 

0.7 

309 

0.8 

339 

0.9 

!368 
396 

1.0 

1.1 

421 

1.2 

445 

1.3  .. _. 

.467 
.488 

.507 
.526 
.543 
547 

1.4... 

1.5.. 

1.6  .. 

1.7 

1.724  2 

i  To  be  added  algebraically  to  the  edge  coefficient,  C„  obtained  from  table  7,  to 
obtain  the  edge  coefficient,  CV,  corresponding  to  equation  15io. 
2  When  a/h  is  greater  than  1.724,  b=a  and  K.=0.57185  (log  10  a-0.3593). 

The  curves  that  are  only  partially  complete  are  for 
stresses  based  on  a  value  of  E  equal  to  3,000,000  pounds 
per  square  inch.  The  upper  portions  of  these  curves  are 
omitted  since  they  so  nearly  coincide  with  the  upper 
portions  of  the  curves  for  £  =  5,000,000  that  their  in- 
clusion would  detract  from  the  clarity  of  the  charts. 

It  is  evident  from  these  curves  that  the  value  of  E 
has  no  significant  influence  on  the  relation  between 
subgrade  modulus  and  stress  when,  as  in  this  case, 
stresses  are  expressed  as  percentages  of  a  basic  stress 
which  is  different  for  each  curve.  Therefore,  the  sub- 
sequent discussion  of  the  effect  on  stress  of  variations 
in  the  subgrade  modulus  will  be  confined  to  the  curves 
for  £=5,000,000. 

It  will  be  observed  in  the  second  chart  from  the  left 
in  figure  4  that  the  two  curves,  one  for  the  minimum 
value  of  a  in  combination  with  the  maximum  value  of 
h,  and  the  other  for  the  maximum  value  of  a  in  combi- 
nation with  the  minimum  value  of  h,  form  an  envelope 
for  the  curves  for  all  intermediate  values  of  a  and  h. 
In  order  to  clarify  the  presentation,  only  these  envelope 
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curves  are  shown  in  the  other  charts  of  this  and  suc- 
ceeding figures  of  similar  character. 

Before  discussing  figure  4  it  will  be  well  to  examine 
the  available  data  regarding  observed  values  of  the 
subgrade  modulus.  Unfortunately,  these  data  are 
very  meager.  It  is  not  known  if  a  value  of  50  pounds 
per  cubic  inch  is  the  minimum  that  may  be  expected 
but  there  is  reason  to  believe  that  the  maximum  may 
exceed  300  pounds  per  cubic  inch,  at  least  in  some  cases. 
Therefore  the  range  that  may  be  encountered  in  prac- 
tice is  not  known. 

In  corner-loading  tests  and  working  with  what  may 
be  termed  synthetic  subgrades,  that  is,  earth  subgrades 
consolidated  in  the  laboratory  by  tamping,  Spangler 
{26)  observed  in  one  very  stiff  clay  subgrade  (probably 
veiy  dry)  a  subgrade  modulus  of  the  order  of  1,000 
pounds  per  cubic  inch.  In  another  test,  with  a  sub- 
grade  of  more  normal  characteristics,  he  observed  that 
the  apparent  subgrade  modulus  was  reduced  by  re- 
peated comer  loading  from  about  275  to  about  40 
pounds  per  cubic  inch. 

In  still  another  corner-loading  test  Spangler  and 
Lightburn  {27)  found  that  the  subgrade  modulus  was 
constant  at  a  given  point  in  the  slab  but  varied  with  the 
distance  of  the  point  from  the  corner,  being  about  300 
pounds  per  cubic  inch  at  the  corner  and  about  75 
pounds  per  cubic  inch  at  distances  of  4.5  feet  from  the 
corner.  They  concluded,  however,  that  the  assump- 
tion of  a  uniform  value  of  the  subgrade  modulus  ap- 
pears to  be  justifiable  for  analytical  solutions  since 
stresses  computed  with  a  modulus  equal  to  about  the 
average  of  the  two  extreme  values  were  in  good  agree- 
ment with  observed  stresses. 

In  considering  the  values  of  subgrade  modulus  ob- 
tained in  the  tests  by  Spangler  and  Lightburn  it  is  well 
to  remember  that  the  subgrades  with  which  they 
worked  were  protected  from  the  weather  and  were  not 
exposed  to  natural  fluctuations  of  moisture. 

In  the  Arlington  tests  the  pavement  slabs  were  ex- 
posed to  the  weather  but  it  is  necessary  to  bear  in  mind 
that  only  one  subgrade  was  involved.  In  these  tests 
the  values  of  the  subgrade  modulus  observed  under 
normal  conditions  of  subgrade  support  varied  from 
about  170  to  about  280  pounds  per  cubic  inch. 

These  meager  data  indicate  that  the  subgrade  modu- 
lus may  vary  over  a  rather  wide  range,  the  limits  of 
which  are  unknown;  that  its  value  may  be  affected  by 
repeated  loading  of  the  slab;  and  that,  at  the  same  loca- 
tion, it  is  likely  to  be  different  at  different  times.  The 
development  of  additional  data  is  hampered  by  the 
present  lack  of  any  simple  method  of  making  the  re- 
quired tests  over  the  wide  range  of  conditions  that 
merit  study.  The  situation  makes  it  highly  desirable 
to  be  conservative  in  the  selection  of  values  of  the 
modulus  for  use  in  stress  computations. 

Examination  of  figure  4  shows  that  variations  in  sub- 
grade  modulus  have  little  effect  on  stresses  computed 
by  the  modified  equation  for  corner  loading,  equation 
11,  for  small  values  of  a  and  large  values  of  h.  The 
effect  of  variations  in  the  modulus  on  interior,  coiner, 
and  edge  stresses  computed  by  the  Westergaard  equa- 
tions, on  edge  stresses  computed  by  equation  15,  and 
on  corner  stresses  by  equation  11  for  large  values  of  a 
and  small  values  of  h,  is  very  similar. 

On  the  assumption  that  a  range  in  subgrade  modulus 
from  50  to  300  pounds  per  cubic  inch  can  reasonably  be 
expected  in  practice,  figure  4  shows  that  stresses  com- 
puted on  the  basis  of  &  =  300,  may  be  too  low  by  as 


much  as  25  percent  if  the  modulus  happens  to  have  a 
value  of  50.  On  the  other  hand,  stresses  computed  on 
the  assumption  that  k--\00  will  be  too  low  by  less  than 
10  percent  if  k  happens  to  equal  50. 

In  view  of  all  the  uncertainties,  a  value  of  the  sub- 
grade  modulus  equal  to  100  pounds  per  cubic  inch  is 
suggested  as  a  reasonable  figure  for  general  use,  pending 
the  development  of  more  exact  information  than  is  now 
available. 

VALUE  OF  E=5  MILLION    POUNDS   PER  SQUARE  INCH  SUGGESTED 
FOR  GENERAL  USE 

Effect  of  variations  in  modulus  oj  elasticity  of  concrete. — 
In  contrast  to  the  lack  of  data  concerning  the  sub- 
grade  modulus,  there  is  a  wealth  of  information  with 
respect  to  the  modulus  of  elasticity  of  concrete.  Nu- 
merous investigations  have  demonstrated  that,  in  gen- 
eral, the  modulus  of  elasticity  increases  with  age,  with 
increase  in  strength  of  the  concrete,  and  with  increase  in 
temperature;  that  it  may  be  higher  in  wet  concrete 
than  in  dry;  and  that  it  is  influenced  by  the  character  of 
the  aggregate. 

Thirty-five  reports  on  the  subject,  published  during 
the  period  1928  to  1938,  inclusive,  and  involving  many 
variables  such  as  type  of  aggregate,  type  of  cement, 
water-cement  ratio,  and  age,  give  values  of  the  modulus 
of  elasticity  ranging  from  about  1,000,000  to  7,000,000 
pounds  per  square  inch  for  concrete  ranging  in  com- 
pressive strength  from  about  1,000  to  7,000  pounds  per 
square  inch.  For  nearly  all  of  the  specimens  involved 
in  these  investigations  the  ratio  of  the  modulus  of 
elasticity  to  the  compressive  strength  falls  between  the 
values  of  650  and  1,500  and  a  fair  average  value  of  this 
ratio  for  all  the  specimens  is  1,000.  This  is  in  agree- 
ment with  the  building  regulations  of  the  American 
Concrete  Institute  {29)  which  recommend  that  for 
design  purposes  the  modulus  of  elasticity  of  concrete 
be  taken  as  1,000  times  its  compressive  strength. 

For  concrete  of  the  character  generally  used  in  pave- 
ment construction  a  range  in  the  value  of  the  modulus 
of  elasticity  from  3,000,000  to  6,000,000  pounds  per 
square  inch  may  reasonably  be  expected.  Within  this 
range  it  is  believed  that  the  tendency  will  be  for  the 
values  to  be  high  rather  than  low  and  the  use  of  rela- 
tively high  values  in  design  is  on  the  side  of  safety. 
The  concrete  used  in  the  Arlington  tests,  with  flexural 
and  compressive  strengths  at  28  days  of  765  and  3,525 
pounds  per  square  inch,  respectively,  is  believed  to  be 
fairly  representative  of  the  average  run  of  paving  con- 
crete. The  modulus  of  elasticity  of  this  concrete,  as 
determined  by  flexure  tests  of  beams,  was  about  4,500,- 
000  pounds  per  square  inch  for  air-dry  beams  and  about 
5,500,000  pounds  per  square  inch  for  beams  in  a  moist 
condition.  The  same  range  in  values  was  observed  in 
tests  on  the  pavement  slabs  themselves,  the  higher 
values  being  obtained  in  winter  and  the  lower  values 
in  summer. 

Figure  5  shows  the  effect  of  variations  in  modulus  of 
elasticity  between  3,000,000  and  6,000,000  pounds  per 
square  inch  on  stresses  computed  for  interior,  corner, 
and  edge  loadings  for  the  same  range  in  values  of  a  and 
h  as  in  figure  4  and  for  values  of  &=100  and  £  =  300. 
All  stresses  are  expressed  as  percentages  of  the  stresses 
computed  for  E=  5,000,000.  It  may  be  concluded 
from  these  curves  that  variations  in  the  modulus  of 
elasticity  between  3,000,000  and  6,000,000  pounds  per 
square  inch  do  not  have  a  major  influence  on  computed 
stresses  and  that  the  effect  of  these  variations  is  not 
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greatly  influenced  by  variations  in  the  subgrade 
modulus. 

Since  it  is  on  the  side  of  safety  to  use  relatively  high 
values  of  the  modulus  of  elasticity  and  since  it  is  be- 
lieved that  it  is  representative  of  what  may  be  expected 
in  practice,  tbe  value  of  E—  5,000,000  pounds  per  square 
inch  is  suggested  for  general  use. 

Variations  in  radius  of  contact  area. — Tbe  radius  of 
contact  area,  a,  appears  directly  in  the  equations  for 
corner  loading  and,  through  the  radius,  b,  indirectly  in 
the  equations  for  interior  and  edge  loading.  Its 
marked  effect  on  computed  stresses  is  not  readily 
apparent  except  by  some  such  means  as  the  charts  of 
figure  6. 

This  figure  shows  the  effect  of  variations  in  the  radius 
of  contact  area  between  3  and  9  inches  on  stresses 
computed  for  interior,  corner  and  edge  loadings  for  the 
same  range  in  values  of  h  as  in  figures  4  and  5  and  for 
values  of  &=100  and  fc  =  300.  It  will  be  observed  that 
an  increase  in  the  radius,  a,  from  3  to  9  inches  may  re- 
duce the  computed  stress  by  more  than  40  percent.  It 
will  also  be  observed  that  variations  in  the  value  of  a 
have  less  effect  on  corner  stresses  and  edge  stresses 
computed  by  equations  11  and  15  than  on  those  com- 
puted by  equations  7  and  <). 

Values  of  the  radius  of  contact  area. — Figure  7  shows 
the  relation  between  static  load  and  contact  area  for 
single  and  dual  high-pressure  and  balloon  tires.  The 
curves  are  based  on  data  developed  by  the  Bureau  of 


Public  Roads  in  tests  of  single  high-pressure  and  bal- 
loon tires,  each  in  a  range  of  sizes,  subjected  to  static 
loads  ranging  from  rated  tire  capacity  to  more  than 
twice  the  rated  capacity.  The  curves  for  single  tires 
shown  in  figure  7  are  closely  representative  of  individual 
test  results  throughout  the  entire  range  of  loadings, 
indicating  that  the  relation  between  load  and  contact 
area  is  not  appreciably  affected  by  loads  in  excess  of 
the  rated  tire  capacity. 

The  curves  of  figure  7  for  dual  tires  were  developed 
from  the  data  for  single  tires  by  assuming  the  tires  to 
be  spaced  in  accordance  with  the  recommendations  of 
the  Tire  and  Rim  Association,  and  adding  to  twice  the 
contact  area  of  one  tire  the  area  between  the  two  tire 
impressions. 

Figure  8  shows  the  relation  between  the  wheel  load 
and  the  radius  of  tire  contact  area.  These  curves  were 
developed  from  those  of  figure  7  by  assuming  the  tire 
contact  area  to  be  circular.  The  further  assumption  is 
made  in  connection  with  these  data  that  they  apply  to 
both  static  and  impact  wheel  loads. 

All  the  assumptions  that  have  been  mentioned,  and 
tbe  additional  one  that  the  load  is  uniformly  distributed 
over  the  contact  area,  require  discussion. 

ASSUMPTIONS  REGARDING  CONTACT  AREAS  OF  TIRES  DISCUSSED 

It  is  known  that  the  distribution  of  load  under  a 
pneumatic  tire  is  not  uniform  (SO)  and  that  the  shape 
of  the  tire  impression  tends  to  be  elliptical  rather  than 
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Figure  7. — Relation  Between  Static  Load  and  Area  of 
Contact  for  Pnedmatic  Tires;  Average  Results  of 
Tests  with  Static  Loads  Ranging  From  Rated  Tike 
Capacity  to  More  Than  Twice  the  Rated  Capacity. 
(Areas  of  Contact  for  Dual  Tires  Computed  From 
Tests  with  Single  Tires  and  Include  the  Areas  Between 
the  Two  Tire  Impressions  With  the  Tires  Spaced  in 
Accordance  With  the  Recommendations  of  the  Tire  and 
Rim  Association.) 

circular.  Nevertheless,  it  is  believed  that  the  assump- 
tion of  uniform  loading  over  a  circular  area  equivalent  to 
the  measured  contact  area  will  lead  to  no  serious  error. 

In  computing  the  contact  area  for  dual  tires  from  the 
data  for  single  tires,  the  area  Let  ween  the  tire  contacts 
is  included.  Since  the  area  between  the  tire  contacts 
actually  receives  no  load,  this  procedure  has  been  ques- 
tioned. No  tests  have  been  made  to  determine  the 
correctness  of  the  assumption  but  very  limited  analysis 
of  certain  data  developed  in  the  Arlington  tests  indicate 
that  it  is  not  wholly  unreasonable. 

Unreported  tests  by  the  Bureau  of  Public  Roads 
indicate  that  contact  areas  under  impact  and  equivalent 
static  loads  are  not  greatly  different  for  pneumatic  tires 
of  the  high-pressure  and  balloon  types.  There  are  also 
data  (31)  indicating  that  the  vertical  deflections  of 
solid  and  cushion  tires  are  practically  the  same  for  the 
two  types  of  load.  While  not  conclusive,  this  informa- 
tion appears  to  justify  the  assumption  that  the  curves 
of  figure  8  are  applicable  to  impact  loads  as  well  as  to 
static  loads. 

Much  additional  research  work  is  necessary  to  prove 
or  disprove  the  validity  of  the  assumptions  that  have 
been  discussed.  In  the.  absence  of  such  investigations 
it  is  necessary  to  make  some  assumptions  and  it.  is 
believed  that  those  suggested  are,  reasonable.  Also, 
in  the  absence  of  more  information  than  is  now  availa- 
ble, it  is  believed  that  further  refinement  in  the  use  of 
existing  data  is  unwarranted. 
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Figure  8. — Relation  Between  Wheel  Load  (Static  or 
Impact)  and  Radius  of  Equivalent  Circular  Area  of 
Tire  Contact.  Radii  Correspond  to  Contact  Areas 
Shown  in  Figure  7. 

Radius  of  contact  area  for  edge  loading. — The  Wester- 
gaard  analysis  assumes  that  interior  and  corner  loads 
are  applied  on  circular  bearing  areas  and  that  edge  loads 
are  applied  on  semicircular  bearing  areas.  Therefore 
it  is  necessary  to  decide:  (1)  If  the  semicircle  used  for 
edge  loading  is  to  have  the  same  area  as  the  circle  used 
for  interior  and  corner  loading,  or  (2)  if  the  semicircle 
is  to  have  the  same  radius  as  the  circle.  The  first 
procedure  involves  the  assumption  of  equal  unit  pres- 
sure on  the  circular  and  semicircular  areas  and  the 
second  involves  the  assumption  that  the  unit  pressure 
on  the  semicircular  area  is  twice  as  great  as  on  the 
circular  area. 

When  a  wheel  equipped  with  a  single  pneumatic  tire 
moves  along  the  edge  of  a  pavement  slab  with  depressed 
shoulders  in  such  manner  that  only  a  part  of  the  tire 
tread  is  in  contact  with  the  slab,  the  shape  of  the  area 
of  tire  contact  is  undoubtedly  changed  but  the  effect 
on  its  area  is  unknown.  For  this  case  either  assumption 
as  to  radius  of  contact  area  might  be  justified. 

However,  the  situation  is  somewhat  different  with 
respect  to  the  dual  tires  that  are  common  equipment  for 
the  heavier  wheel  loads.  It  is  not  uncommon  to  see 
wheels  with  dual  tires  operated  so  close  to  the  edge  of 
the  pavement  that  the  entire  wheel  load  is  carried  by 
the  inside  tire.  In  this  case  the  tire  load  is  doubled 
without  a  corresponding  increase  in  contact  area.  For 
example,  assuming  an  8,000  pound  static  wheel  load 
on  dual  high-pressure  tires,  table  1  shows  that  1 1 ,800 
pounds  is  the  total  impact  reaction  for  this  wheel  load. 
and  figure  7  shows  a  corresponding  contact  area  of 
approximately  194  square  inches.  Also  from  figure  7 
it  is  found  that  for  this  same  load  on  a  single  tire  the 
contact  area  is  approximately  102  square  inches.  The 
corresponding  unit  pressures  are  about  (31  and  116 
pounds  per  square  inch  respectively.  In  the  same  man- 
ner it  may  be  shown  that  the  same  wheel  load  on  dual 
balloon  tires  may  be  expected  to  develop  unit  pressures 
of  approximately  49  pounds  per  square  inch  over  the 
full  area  of  contact  and  88  pounds  per  square  inch  when 
the  load  is  concentrated  on  one  tire. 
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Figure  9. — Comparison  of  Stresses  due  to  8,000-Pound 
Wheel  Load  on  High-Pressure  Tires  and  9,000-Pound 
Wheel  Load  on  Balloon  Tires. 

In  view  of  these  facts  it  is  recommended  that,  when 
the  design  is  based  on  dual-tire  equipment,  the  radius 
of  area  of  contact  for  edge  loadings  be  the  same  as  for 
interior  and  corner  loadings.  Also,  in  view  of  the  un- 
certainty regarding  single  tires,  it  is  suggested  that 
when  the  design  is  based  on  single-tire  equipment,  the 
area  of  contact  for  edge  loadings  be  the  same  as  for 
interior  and  corner  loadings.  If  r  is  the  radius  of  a 
circle  then  the  radius  of  a  semicircle  of  equivalent  area 
equals  r-y/2. 

Variations  in  thickness  of  slab,  h. — The  fact  that  the 
thickness  of  the  slab,  h,  exerts  a  major  influence  on 
computed  stresses  is  evident  from  the  stress  equations. 
Since  an  exponential  value  of  h  appears  twice  in  each 
stress  equation  and,  in  the  equations  for  interior  and 
edge  loading  an  exponential  value  of  h  is  also  involved  in 
the  derivation  of  the  radius,  b,  the  relation  between  slab 
thickness  and  computed  stress  is  not  a  simple  one. 

The  relation  between  slab  thickness  and  load  stresses 
is  shown  graphically  in  figure  9  for  two  loads;  one  a 
static  load  of  8,000  pounds  on  a  wheel  equipped  with 
dual  high-pressure  pneumatic  tires,  and  the  other  a 
static  load  of  9,000  pounds  on  a  wheel  equipped  with 
dual  balloon  tires.  The  impact  reactions  corresponding 
to  these  wheel  loads  are  taken  from  table  1  and  the 
corresponding  radii  of  contact  areas  from  figure  8.  For 
the  slab  thicknesses  ordinarily  encountered  in  practice, 
the  heavier  wheel  load  on  balloon  tires  gives  stresses 
lower  than  those  for  the  lighter  wheel  load  on  high- 
pressure  tires  by  about  20  pounds  per  square  inch. 
Here  is  justification  for  the  requirement  of  the  Uniform 
Vehicle  Code  (32)  that  the  maximum  wheel  load  on 
high-pressure  tires  be  limited  to  8,000  pounds  and  that 
on  balloon  tires  to  9,000  pounds.  It  may  also  be  noted 
that,  for  slabs  of  equal  thickness,  the  stress  due  to  corner 
loading  is  only  slightly  in  excess  of  that  due  to  edge 
loading. 

EQUATIONS  FOR  COMPUTING  TEMPERATURE  WARPING  STRESSES 
PRESENTED 

Warping  stresses  due  to  temperature  differential. — 
Changes  in  the  temperature  of  concrete  produce  corre- 
sponding changes  in  its  volume.  A  rise  in  temperature 
causes  expansion  of  the  concrete  and  a  drop  in  tempera- 
ture causes  it  to  contract. 

The  temperature  of  a  concrete  pavement  is  constantly 
changing  owing  to  variations  in  air  temperature  and 
during  these  changes  in  air  temperature,  which  take 
place  at  a  relatively  rapid  rate,  the  temperature  in  the 
slab  does  not  remain  constant  throughout  its  depth. 
During  the  heat  of  the  day  in  summer  the  top  of  the 
slab  is  warmer  than  the  bottom  while  at   night    the 


reverse  may  be  true.  This  differential  in  temperature 
between  the  two  surfaces  of  the  slab  causes  it  to  warp 
or  curl  and,  since  free  warping  is  prevented  by  the 
weight  of  the  slab,  bending  stresses  are  developed. 

As  early  as  1926  Westergaard  (S3)  presented  a  theo- 
retical analysis  of  warping  stresses  clue  to  temperature 
but  their  importance  has  not  been  generally  recognized, 
possibly  owing  to  the  fact  that  in  his  stress  computa- 
tions he  assumed  a  rather  low  value  for  the  temperature 
differential.  It  remained  for  the  Arlington  tests  (16)  to 
demonstrate  that  these  warping  stresses  may  be  as 
great  as  those  produced  by  heavy  wheel  loads. 

Westergaard's  analysis  covers  slabs  of  infinite 
length  and  width,  those  of  finite  width  and  infinite 
length,  and  suggests  a  procedure  to  be  followed  in 
slabs  having  finite  dimensions  in  both  directions.  On 
the  basis  of  this  analysis  Bradbury  (9)  has  developed 
general  equations  for  the  computation  of  temperature- 
warping  stresses  in  the  edge  and  interior  of  pavement 
slabs  of  the  usual  dimensions. 

The  following  equations  are  not  in  exactly  the  same 
form  as  Bradbury's  but  they  give  identical  results: 

Edge  Stresses 

<r„=^ (17) 

Interior  Stresses 

-=f(^) 08) 

*-f (^f  )-: (19> 

in  which 

<rze=  maximum  stress,  in  pounds  per  square  inch, 
in  the  extreme  fiber  at  the  edge  of  the 
slab,  in  the  direction  of  slab  length.     At 
the  extreme  edge  the  stress  at  right  angles 
to  the  edge  is  zero ; 
o-j  =  maximum  stress,  in  pounds  per  square  inch, 
in  the  extreme  fiber  at  the  interior  of  the 
slab,  in  the  direction  of  slab  length; 
<ju  =  maximum  stress,  in  pounds  per  square  inch, 
in  the  extreme  fiber  at  the  interior  of  the 
slab,  in  the  direction  of  slab  width; 
E  =  modulus  of  elasticity  of  concrete,  in  pounds 
per  square  inch ; 
g  =  thermal  coefficient  of  expansion  and  con- 
traction of  concrete  per  degree  Fahren- 
heit; 
t  =  difference  in  temperature  between  top  and 
bottom  of  slab,  in  degrees  Fahrenheit; 
Cx  and  Cy  are  coefficients  determined  from  the 
curve  in  figure  10. 
In  figure  10: 

Lz  =  length  of  slab  in  inches; 
Ly  =  width  of  slab  in  inches; 
1= radius  of  relative  stiffness  in  inches  (equation 

&); 

Cx  corresponds  to  the  value  of  -j 

Cy  corresponds  to  the  value  of  -j 

The  data  in  figure  10  are  also  given  in  table  9. 

The  direction  of  slab  warping  is  determined  by  the 
relation  between  the  temperature  in  the  top  of  the  slab 
and  that  in  the  bottom  and  this  in  turn  determines 
whether  the  resulting  stress  is  a  tensile  stress  in  the  top 
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Figure    10. — Coefficients    for    Warping    Stresses    due   to 
Temperature. 

of  the  slab  or  a  tensile  stress  in  the  bottom  of  the 
slab.  Of  course,  in  either  case  an  equal  compressive 
stress  is  created  in  the  opposite  surface.  For  con- 
venience the  temperature  differential  will  be  considered 
positive  when  the  top  of  the  slab  is  at  a  higher  tempera- 
ture than  the  bottom  and  negative  when  the  top  of  the 
slab  is  at  a  lower  temperature  than  the  bottom.  A 
positive  differential  creates  tensile  stress  in  the  bottom 
of  the  slab  and  a  negative  differential  creates  tensile 
stress  in  the  top  of  the  slab. 

Table  9. — Coordinates  of  curve  of  figure  10 


TorT 

Cz  or  C„ 

L, 

I 

or  — 

Ct  or  Cv 

1 

-JOT  — 

(',„r  c\ 

1.41. 

0.010 
.051 
.148 
.309 
.508 

4.95.... 

.701 
.856 
.964 
1.000 
1.032 

7.78    - 

1  069 

2.12 _. 

5.66.... 

8.49.... 

1.084 

2.83 _. 

6.37 

9.90.  _. 

1.078 

3.54 _._. 

6.69 

11.31  '. 

1.052 

4.24 

7.07     . 

1  For  values  of  —f  or  -y  greater  than  11.31,  the  values  of  C,  and  C»  are  determined 
by  a  composite  curve  constructed  as  follows: 
Extend  the  curve  plotted  from  the  data  in  the  above  table  from  (  -t?=11.31,  d 

=  1.052  )  toward  f-r  =14.14,  C»  =  1.009  )  until  it  intersects  a  horizontal  line  drawn 

through  CV  =  1.043.    C,  or  Cv  for  all  values  o(  ~r  or  -r  to  the  right  of  this  intersection 


is  equal  to  1.043. 


I 


Value  of  temperature  differential. — The  data  developed 
in  the  Arlington  tests  (16)  showed  that  the  maximum 
temperature  differential  varies  with  the  depth  of  the 
slab,  being  greater  in  thick  slabs  than  in  thin  ones. 
The  maximum  positive  differential  occurs  in  the  day- 
time and  is  greater  in  summer  than  in  winter.  The 
maximum  negative  differential  occurs  at  night  and  is 
much  the  same  in  both  winter  and  summer.  The 
published  data  are  summ'erized  in  tables  10  and  11. 

From  these  data  Bradbury  (9)  concluded  that,  for 
purposes  of  design  computations,  the  maximum  positive 
temperature  differential  might  be  assumed  as  3.0°  F. 
per  inch  of  slab  thickness  and  the  maximum  negative 
differential  as  1.0°  F.  per  inch  of  slab  thickness.  These 
appear  to  be  reasonable  figures  for  general  use  but  it 
should  be  recognized  that  they  are  merely  average 
figures  and  will  result  in  computed  stresses  that  ma)  be 


appreciably  lower  than  the  stresses  that  will  occur  at 
times  in  the  pavement. 

Table  10. — Summary  of  values  of  maximum  positive  temperature 
differentials  observed  in  Arlington  tests  on  27  days  between  April 
3  and  June  4,  1.9.3.',  ■ 


At  edge  of  slab  of 
uniform  thickness 

Tliickened-edge  section  9-0-9  inch 

6-inch 
slab 

9-inch 
slab 

Edge 

18  inches 
from  edgi 

36  inches 
from  edge 

°  F. 
+24 

+  14 
+  19 

°  F. 
+33 

+20 
+27 

0  F. 

+33 

+  1S 

+  ■-'7 

°  F. 
+31 

+  17 
+  25 

°  F. 
+28 

Minimum 

Average 

+  15 
+22 

1  Data  from  table  2,  public  roads,  November  1935. 

Table  11. — Summary  of  values  of  maximum  temperature  differ- 
entials observed  in  Arlington  tests  on  17  days  during  1931,  1982 
and    1933  I 


6-inch  slab 

9-inch  slab 

April  to  August, 
inclusive 

September  to 

February, in- 
clusive 

April  to  August, 
inclusive 

Day 

Night 

Day 

Night 

Day 

Night 

Maximum 

Minimum.. 

0  F. 
+24.3 
+  18.7 
+21.2 

0  F. 
-6.5 
-4.5 
-5.8 

°  F. 
+  15.6 

+  8.2 
+  11.8 

0  F. 
-6.7 
-1.3 
-4.  1 

°  F. 
+31.  0 
+22.3 
+26.  9 

°  F. 
-9.2 
-5.7 

Average.- . 

-7.5 

1  Data  from  table  1,  public  roads,  November  1935 

FOR  TEMPERATURE  WARPING.  INTERIOR  STRESSES  EXCEED  EDGE 
STRESSES 

\'<ilue  of  the  thermal  coefficient  of  expansion. — The 
thermal  coefficient  of  expansion  and  contraction  of 
concrete  depends  on  a  number  of  factors,  among  which 
the  character  of  the  aggregate  appears  to  be  the  most 
important.  Data  from  a  number  of  investigations 
indicate  that  in  general  the  highest  thermal  coefficient 
will  be  found  in  concrete  containing  siliceous  aggre- 
gates and  that  considerably  lower  values  may  be  ex- 
pected in  concrete  made  with  granite,  limestone,  or 
diabase  aggregates.  A  summary  of  data  given  by 
various  authorities  (34)  shows  values  of  the  thermal 
coefficient  ranging  from  about  0.000004  to  about 
0.000007  per  degree  Fahrenheit  for  concrete  having  a 
cement  content  comparable  to  that  used  in  pavement 
construction. 

The  concrete  used  in  the  Arlington  tests,  with  a  lime- 
stone coarse  aggregate  and  a  siliceous  fine  aggregate, 
had  a  coefficient  of  approximately  0.000005  per  degree 
Fahrenheit  and  this  value  appears  to  be  a  satisfactory 
one  for  general  use.  However,  when  the  circumstances 
are  such  as  to  make  this  possible,  it  will  be  well  to  select 
a  value  appropriate  for  the  character  of  concrete  that  is 
under  consideration. 

Computed  warping  stresses. — The  Arlington  tests  were 
all  made  on  slabs  that  varied  in  dimensions  only  in 
depth.  Within  these  limitations  the  observed  warping 
stresses  due  to  temperature  differential  were  in  reason- 
ably good  agreement  with  computed  stresses. 

Stresses  computed  by  the  Bradbury  equations  are 
shown  graphically  in  figure  11  for  the  interior,  and  in 
figure  12  for  the  edge,  of  slabs  10  feet  wide  and  of  vari- 
ous lengths,  depths  of  6  and  9  inches,  and  values  of  the 
subgrade  modulus  of  100  and  300  pounds  per  cubic 
inch. 
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Figure    11. — Temperature- Warping  Stresses,    Interior   of 

Slab. 

The  most,  striking  fact  shown  by  these  curves  is  the 
magnitude  of  the  maximum  temperature-warping 
stresses,  which  are  of  the  order  of  275  and  375  pounds 
per  square  inch,  respectively,  for  the  6-inch  and  9-inch 
slabs.  Other  interesting  observations  that  may  be 
made  are  enumerated  as  follows: 

1.  A  comparison  of  figures  11  and  12  shows  thai 
maximum  edge  stresses  are  always  lower  than  maximum 
interior  stresses  but  the  difference  is  not  great  except 
in  slabs  having  a  length  less  than  the  width.  (In  this 
discussion  the  length  of  the  slab  is  considered  as  the 
dimension  in  the  direction  of  the  longitudinal  axis  of 
the  pavement,  even  though  it  may  be  less  than  the 
width  of  the  slab.) 

2.  Increases  in  the  length  of  the  slab  beyond  about 
18  feet  for  the  6-inch  slab,  and  about  24  feet  for  the 
9-inch  slab,  have  no  great  influence  on  maximum  edge 
or  interior  stresses.  Below  these  limits,  decreases  in  slab 
length  result  in  rapid  reduction  in  stress. 

3.  In  the  interior  of  the  slab,  <rz  =  ov  when  the  slab  is 
square.  When  the  length  exceeds  the  width,  <rx  is 
greater  than  av  and  when  the  length  is  less  than  the 
width  the  reverse  is  true.  Between  the  upper  limits  of 
slab  length  that  have  been  mentioned  and  the  point 
at  which  the  length  equals  the  width,  reduction  in 
slab  length  results  in  rapid  reduction  in  maximum 
interior  stresses.  When  the  length  is  less  than  the 
width  the  critical  warping  stress  is  influenced  primarily 
by  the  width  and  variations  in  length  have  little  effeel 
on  its  magnitude.  In  contrast  to  this,  edge  stresses 
decrease  continuously  with  decreasing  slab  length. 

4.  For  the  longer  slabs  the  maximum  stresses  in  the 
9-inch  slab  exceed  those  in  the  6-inch  slab  by  40  to  50 
percent.  However,  for  slab  lengths  less  than  about 
17  feet  for  &=100  and  13  feet  for  fc  =  300,  the  stresses 
in  the  6-inch  slab  exceed  those  in  the  9-inch  slab  by  as 
much  as  50  pounds  per  square  inch. 

5.  Variations  in  the  value  of  the  subgrade  modulus 
have  no  significant  influence  on  the  stresses  in  long 
slabs.  However,  for  short  slabs  increases  in  the  value 
of  the  subgrade  modulus  result  in  considerable  increases 
in  the  computed  stresses.  Figures  11  and  12  show 
that  the  stresses  in  the  9-inch  slab  for  £  =  300  may 
exceed  those  for  &  =  100  by  more  than  100  pounds  per 
square  inch.  The  difference  is  somewhat  less  in  the 
case  of  the  6-inch  slab. 

This  effect  of  subgrade  modulus  on  temperature 
stresses  is  the  reverse  of  its  effect  on  stresses  due  to 
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Figure  12. — Temperature-Warping  Stresses,  Edge  of  Slab. 

wheel  loads  where  low  values  of  the  modulus  give  higher 
stresses  than  do  high  values.  In  the  case  of  combined 
stresses  due  to  load  and  temperature  warping  this 
reversal  of  influence  tends  to  compensate  somewhat  for 
possible  errors  in  computed  stresses  owing  to  the 
assumption  of  a  subgrade  modulus  different  from  that 
which  may  actually  exist. 

For  example,  assuming  an  8,000-pound  static  wheel 
load  on  high-pressure  dual  tires,  table  1  shows  the  total 
impact  reaction  to  be  11,800  pounds  and  figure  8  gives 
a  value  of  a  equal  to  7.8  inches.  For  /x  =  0.15  and  E= 
5,000,000,  equation  8  gives  interior  stresses  in  a  6-inch 
slab  of  approximately  365  pounds  per  square  inch  for 
£  =  100  and  315  pounds  per  square  inch  for  &  =  300. 
From  figure  1 1  the  corresponding  warping  stresses  in  a 
slab  14  feet  long  are  200  and  265  pounds  per  square 
inch.  The  combined  stresses  due  to  load  and  tempera- 
ture are  then  565  pounds  per  square  inch  for  /:=100 
and  580  pounds  per  square  inch  for  &  =  300. 

Thus  it  appears  that,  for  short  slabs,  variations  in 
the  subgrade  modulus  may  be  expected  to  have  a  minor 
influence  on  combined  stresses.  However,  for  slabs  of 
the  length  commonly  used  in  pavements,  the  effect  of 
subgrade  modulus  on  warping  stresses  is  slight,  with 
the  result  that  it  will  have  a  noticeable  effect  on  com- 
bined stresses.  Therefore,  the  value  of  k=l00  pounds 
per  cubic  inch  appears  to  be  a  desirable  figure  for 
general  use  in  the  computation  of  combined  stresses  as 
well  as  for  stresses  due  to  wheel  loads  only. 

TEMPERATURE   WARPING  STRESSES   CAUSE   MUCH   CRACKING   OF 
CONCRETE  PAVEMENTS 

Table  12  is  presented  to  show  the  effect  of  width  of 
pavement  on  transverse  warping  stresses.  The  figures 
indicate  that  the  warping  stresses  in  a  slab  20  feet  wide 
may  exceed  300  pounds  per  square  inch  and  may  be 
more  than  twice  as  great  as  the  stresses  in  a  slab  10 
feet  wide.  Figures  such  as  these  show  the  reason  for 
the  use  of  longitudinal  joints  in  concrete  pavements, 
the  necessity  for  which  has  been  thoroughly  demon- 
strated by  practical  experience. 

It  is  evident  from  equations  17,  18,  and  19  that  the 
computed  warping  stress  due  to  temperature  differential 
varies  directly  with  values  of  the  modulus  of  elasticity, 
E,  the  thermal  coefficient,  e,  and  the  temperature 
differential,  t.  The  stress  values  shown  in  figures  11 
and  12  are  based  on  assumed  values  of  E,  e  and  t  that 
may  be  considered  as  average  rather  than  maximum. 
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The  value  of  2? may  exceed  5,000,000  pounds  per  square 
inch,  the  value  of  e  may  exceed  0.000005  per  degree 
Fahrenheit  and,  at  times,  the  value  of  t  is  very  likely 
to  exceed  3°  F.  per  inch  of  slah  thickness.  In  the 
Arlington  tests  (tables  10  and  11)  values  of  the  tempera- 
ture differential  as  high  as  4°  F.  per  inch  of  slab  thick- 
ness were  observed  occasionally.  Therefore  the  warp- 
ing stresses  that  may  exist  at  certain  times  in  concrete 
pavements  having  a  high  modulus  of  elasticity  and  a 
high  thermal  coefficient  may  be  more  than  twice  as 
great  as  the  stresses  shown  in  figures  11  and   L2. 

Table  12. —  Transverse  temperature-warping  stresses  in  slabs  30  Jed 

long 
M  =  0.15. 

E=  5,000,000  pounds  per  square  inch. 
e  =  0.000005. 
I      I    i-    3h  (inches). 


Subgrade  modulus  k 

Width 
of  slab 

Depth  of  slab 

0  inches 

7  inches 

8  inches 

Lb.  per  cu.  in. 
Hill 

/••<  ■<  i 

f               10 

1           20 

I               10 
I            20 

Lb.  per  sip  in. 
130 
280 
210 
285 

Lb.  pi r  sq.  in 
120 
320 
200 

Lb.  per  sq  in. 
115 

30(1 

340 

1911 

380 

It  should  be  noted  also  that  the  assumption  of  a 
10-foot  width  of  slab  for  the  computation  of  the  longi- 
tudinal interior  warping  stresses  shown  in  figure  12 
involves  also  the  assumption  that  the  longitudinal  joint 
offers  no  restraint  to  warping.  Actually  the  types  of 
longitudinal  joints  in  common  use  may  be  expected  to 
develop  some  restraint  to  warping  and  such  restraint 
as  may  exist  serves  to  increase  the  computed  interior 
warping  stresses,  both  in  the  longitudinal  and  trans- 
verse directions. 

It  seems  reasonable  to  conclude  that  the  magnitude 
of  the  stress  that  may  be  induced  by  temperature  warp- 
ing explains  much  of  the  cracking  that  takes  place  in 
concrete  pavements  which,  in  the  past,  has  frequently 
been  attributed  to  other  causes.  The  possible  magni- 
tude of  these  stresses  indicates  the  importance  of  the 
use  of  curing  methods  that  will  protect  the  concrete 
from  extreme  changes  of  temperature  during  its  early 
life  when  its  strength  is  low. 

Corner  warping  stresses.  An  exact  mathematical 
analysis  of  stresses  produced  by  temperature  warping 
near  the  corner  of  a  slab  is  not  available  and  an  ap- 
proximate solution  must  be  used  for  stress  computation. 
Both  theory  and  experiment  (16)  indicate  that  the 
warping  stress  increases  as  the  distance  from  the 
corner  along  the  diagonal  bisector  increases.  The 
warping  stress  that  is  important  is  that  which  occurs 
at  the  point  of  maximum  load  stress.  Bradbury  (9) 
has  developed  an  approximate  equation  for  this  stress, 
which  is 


"3( 


Eel        la 


stresses  dut    t< 


.(20) 
load    ii nil 


Combinations  of  simultaneous 
temperature: 

Corner. — When  the  temperature  differential  is  positive 
it  produces  compressive  stress  in  the  top  of  the  slab, 
whereas  corner  loading  produces  tensile  stress.  There- 
fore, since  the  combined  stress  due  to  warping  and  load  is 
less  than  stress  due  to  load  alone,  this  condition  requires 
no  further  consideration.  At  night,  when  the  slab  is 
warped  upward,  the  two  stresses  are  of  the  same  sign 
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and  therefore  the  warping  stress  tends  to  increase  the 
combined  stress.  However,  the.  effect  is  not  great 
since  at  night  the  temperature  differential,  and  the 
resultant  warping  stress,  are  small. 

Corner-warping  stresses  computed  by  equation  20 
are  shown  in  figure  13  for  an  assumed  temperature 
differentia]  of  1°  F.  per  inch  of  slab  thickness.  The 
curves  show  no  great  effect  of  any  of  the  variables 
considered  and  the  assumption  of  a  Hat  value  for  the 
warping  stress  of  about  40  pounds  per  square  inch 
would  probably  be  sufficiently  accurate  for  all  prac- 
tical purposes.  This  value  is  in  good  agreement  with 
observed  values  ((18),  table  14). 

Edge. — When  temperature-warping  stresses  in  the 
edge  of  the  slab  are  combined  with  load  stresses,  two 
combinations  require  consideration.  In  the  daytime, 
when  the  edge  of  the  slab  is  warped  down  so  that  it  is 
in  contact  with  the  subgrade,  the  load  stresses  are 
computed  by  Westergaard's  formula  (equation  9)  and 
these  should  be  combined  with  warping  stresses  com- 
puted for  the  daytime  temperature  differential  of  3°  F. 
per  inch  of  slab  depth.  In  this  case  both  load  and 
temperature  create  tensile  stress  in  the  bottom  of  the 
slab. 

The  second  combination  is  that  of  maximum  load 
stresses,  which  occur  at  night  when  the  edge  of  the 
slab  is  warped  upward,  with  the  warping  stresses  com- 
puted for  the  nighttime  temperature  differential  of 
1°  F.  per  inch  of  slab  thickness.  For  these  assumed 
temperature  differentials  the  warping  stress  at  night 
is  one-third  as  large  as  that  which  occurs  during  the 
day  and  it  is  of  opposite  sign  from  stress  due  to  load. 
Therefore,  the  combined  stress  at  night  is  less  than  the 
stress  due  to  load  alone. 

MOISTURE  WARPING  STRESSES  CAN  BE  SAFELY  IGNORED  IN  DESIGN 

Interior. — In  the  Arlington  tests  (16)  it  was  found 
that  the  condition  of  slab  warping  had  a  negligible 
effect  on  the  magnitude  of  the  maximum  stress  pro- 
duced by  a  load  applied  at  the  interior  of  the  slab. 
The  maximum  load  stress  at  the  interior  is  about  the 
same  at  night  when  the  edges  of  the  slab  are  warped 
upward  as  in  the  daytime  when  the  edges  are  warped 
down.  Therefore,  in  the  determination  of  the  maxi- 
mum combined  stress  due  to  load  and  temperature 
warping,  the  maximum  load  stress  should  be  combined 
with  the  warping  stress  produced  by  the  temperature 
differential  that  occurs  in  the  daytime. 
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Moisture  warping. — Since  concrete  expands  and  con- 
tracts with  changes  in  moisture  content,  it  follows 
that  a  difference  in  the  moisture  content  between  the 
top  and  bottom  of  a  concrete  pavement  slab  causes 
the  slab  to  warp  or  curl  in  much  the  same  manner  as 
does  a  differential  in  temperature.  When  the  top  of 
the  slab  is  dryer  than  the  bottom  the  edges  of  the 
slab  curl  upward  and  when  the  moisture  differential 
is  in  the  opposite  direction  the  edges  of  the  slab  curl 
downward. 

As  a  result  of  the  extensive  observations  made  in  the 
Arlington  tests  (16)  it  was  concluded  that,  for  the  cli- 
matic conditions  that  prevailed,  the  moisture  content 
of  a  pavement  slab  is  at  a  maximum,  and  the  moisture 
gradient  that  causes  warping  is  at  a  minimum,  during 
the  period  from  January  to  March.  As  compared  with 
the  conditions  that  prevailed  during  this  period,  it  was 
found  that  the  edges  of  the  slab  were  curled  upward 
during  the  summer  months,  when  the  top  of  the  slab 
was  dryer  than  the  bottom,  and  began  to  curl  downward 
again  during  the  fall. 

Thus  the  warping  of  the  slab  caused  by  moisture 
differential  is  a  seasonal  change  which  takes  place 
slowly  over  a  considerable  period  of  time  during  which 
there  is  opportunity  for  plastic  yield  of  the  concrete 
to  take  place.  Also  it  was  observed  in  the  Arlington 
tests  that  as  the  seasonal  warping  takes  place  the  slab 


settles  into  the  subgrade,  thus  reducing  the  restraint 
to  warping  due  to  the  weight  of  the  slab.  Because  of 
the  time  element  and  its  effect  on  the  adjustment 
between  slab  and  subgrade  and  on  the  plastic  flow  of  the 
concrete,  it  seems  very  probable  that  stresses  due  to 
moisture  warping  are  not  as  great  as  the  deformations 
in  the  concrete  would  indicate. 

For  those  reasons  the  strains  due  to  moisture  warping 
that  have  been  measured  in  connection  with  the  Arling- 
ton tests  cannot  be  translated  into  stress  with  any 
certainty.  However,  the  observations  made  indicate 
that  the  curvature  caused  by  moisture  is  principally  an 
upward  warping  of  the  edges  caused  by  moisture  loss 
from  the  top  of  the  slab  during  the  warm  season  of  the 
year,  and  that  the  downward  warping  that  takes  place 
when  the  moisture  in  the  top  of  the  slab  exceeds  that 
in  the  bottom  may  be  expected  to  be  considerably  smal- 
ler. Thus,  during  hot  summer  days  when  moisture 
and  temperature  differentials  are  both  a  maximum,  the 
curvature  caused  by  one  is  in  the  opposite  direction  to 
that  caused  by  the  other  and  such  stress  as  may  be 
caused  by  moisture  serves  to  reduce  rather  than  to 
increase  the  stress  due  to  temperature  warping.  Since 
the  stresses  due  to  moisture  warping  cannot  be  evalu- 
ated, it  is  fortunate  that  the  evidence  indicates  that  they 
may  be  disregarded  with  safety  in  computing  the 
stresses  in  pavement  slabs.     To  ignore  them  appears 
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Temperature  Warping  in  the  Edge  of  a  Slab   10  Feet  Wide. 


to  add  some  factor  of  safety  of  unknown  magnitude 
and  importance. 

Combined  stresses. — Total  combined  stresses  due  to 
load  and  temperature  warping  are  shown  in  figures  14, 
15,  and  16  for  the  edge  and  interior  of  slabs  of  different 
depths,  a  width  of  10  feet  and  lengths  of  10,  15,  and  30 
feet.  Combined  corner  stresses,  which  are  not  influ- 
enced by  the  dimensions  of  the  slab  other  than  depth, 
are  shown  in  the  left  part  of  figure  17.  The  assumed 
load  is  an  8,000-pound  wheel  load  on  dual  high-pressure 
tires.  The  edge-load  stresses  of  figure  14  are  computed 
by  equation  15  for  the  nighttime  condition  of  upward 
warping  and  therefore  the  assumed  temperature  differ- 
ential for  the  warping  stresses  is  taken  as  1°  F.  per  inch 
of  slab  thickness.  Since  the  warping  stresses  and  load 
stresses  are  of  opposite  sign,  the  combined  edge  stresses 
of  figure  14  are  less  than  the  load  stresses.  For  the 
reasons  that  have  been  given,  the  assumed  temperature 
differential  for  the  corner  warping  stresses  of  figure  17 
is  also  taken  as  1°  F.  per  inch  of  slab  thickness.  The 
edge-load  stresses  of  figure  15  are  computed  by  equation 
9  for  daytime  conditions  and  therefore  the  assumed 


temperature  differential  for  the  warping  stresses  is 
taken  as  3°  F.  per  inch  of  slab  thickness.  The  same 
differential  is  also  used  for  computing  interior  warping 
stresses  to  be  combined  with  interior  load  stresses  in 
figure  16. 

As  would  be  expected  from  the  previous  discussion, 
the  computed  corner  warping  stresses  are  small,  rang- 
ing from  about  30  to  50  pounds  per  square  inch  for  the 
range  of  variables  assumed,  and  their  effect  on  combined 
corner  stresses  is  practically  negligible. 

REDUCING  SLAB  LENGTH  TO  10  FEET  GREATLY  REDUCES  COMBINED 
STRESSES 

It  may  be  observed  that  in  all  cases,  for  a  given  thick- 
ness of  slab  and  the  same  value  of  the  subgrade  modulus, 
the  combined  edge  stresses  of  figure  15  are  larger  than 
those  of  figure  14.  The  somewhat  larger  load  stresses 
that  may  occur  at  night  (equation  15),  when  reduced 
by  the  warping  stresses,  are  less  than  the  lower  load 
stresses  of  equation  9  in  combination  with  the  high 
warping  stresses  that  occur  during  the  day.  Except  in 
slabs  10  feet  long;  the  differences  are  of  considerable 
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magnitude.  In  view  of  this,  the  combined  stresses  of 
figure  14  will  be  disregarded  in  the  subsequent  discus- 
sion although  it  should  be  recognized  that  other  assump- 
tions than  those  which  determine  the  curves  of  figures 
14  and  15  might  lead  to  different  relative  values. 

Bearing  in  mind  that  the  temperature  warping 
stresses  shown  in  figures  15  and  16  may  be  regarded  as 
average  rather  than  probable  maximum  values,  the 
following  interesting  observations  may  be  made  with 
respect  to  the  combined  edge  stresses  of  figure  15  and 
the  combined  interior  stresses  of  figure  16,  both  being 
for  a  slab  10  feet  wide. 

1.  In  slabs  :>()  feci  Long  an  increase  in  the  depth  of 
slab  does  not  effect  any  marked  decrease  in  the  total 
combined  stress.  In  fact,  for  £  =  300,  there  is  a  slight 
increase  in  interior  stress  as  the  slab  thickness  is  in- 
creased beyond  8  indies  and  in  Hie  edge  stress  as  the 
thickness  is  increased  beyond  0  inches. 

2.  In  slabs  30  feel  long  a  high  value  of  the  subgrade 
modulus  results  in  a  lower  combined  stress  than  a  low 
value  of  (he  modulus,  but  for  values  between  £=100 
and  £  =  300  the  difference  is  not  great  enough  to  be 
significant. 

3.  In  slabs  30  feet  long  the  combined  edge  stresses 
are  somewhat  higher  than  those  in  the  interior  of  the 
slab.  For  an  8-inch  slab  the  difference  is  about  100 
pounds  per  square  inch  for  £=  100  and  60  pounds  per 
square  inch  for  £  =  300. 

4.  Reducing  the  slab  length  from  30  to  15  feet  results 
in  some  reduction  in  interior  stress  when  £=100  but 
has  very  little  effect  when  £  =  300.  In  general,  this 
reduction  in  slab  length  has  a  greater  effect  on  combined 
edge  stresses  than  on  combined  interior  stresses  and 
the  reduction  in  stress  is  considerably  greater  when 
/•      100  than  when  £  -300. 

5.  In  slabs  15  feet  long  in  contrast  to  those  30  feel 
long,  a  high  value  of  the  subgrade  modulus  generally 
results  in  a  higher  combined  stress  than  does  a  low 
value  of  (he  modulus.  In  an  8-inch  slab,  interior  and 
edge  stresses  for  £  =  300  exceed  those  lor  £  -100  by 
about  SO  pounds  per  square  inch  and  40  pounds  per 
square  inch,  respectively. 


6.  Reducing  the  slab  length  from  30  to  10  feet  re- 
sults in  an  appreciable  reduction  in  combined  interior 
and  edge  stresses.  The  combined  stresses  in  an  8-inch 
slab,  as  shown  in  figures  15  and  16,  are  given  in  table  13. 

The  combined  stresses  which  may  occur  in  the  daytime 
in  the  free  edge  of  a  transverse  joint  in  a  slab  10  feet 
wide  are  shown  in  the  second  chart  of  figure  17.  The 
curves  show  that  the  depth  of  slab  has  a  marked  in- 
fluence on  combined  stresses  but  that  the  effect  of 
variations  in  the  subgrade  modulus  between  £=100  and 
£  =  300  is  negligible. 

From  the  above  discussion  it  may  be  concluded,  for 
the  stress-producing  conditions  assumed,  that: 

1.  In  slabs  as  long  as  30  feet,  the  depth  of  slab  has 
very  little  influence  on  the  magnitude  of  combined 
interior  and  edge  stresses. 

2.  In  slabs  as  long  as  30  feet,  combined  edge  stresses 
and  combined  interior  stresses  of  the  order  of  600 
pounds  per  square  inch  are  to  be  expected  under  what 
may  be  considered  average  conditions.  When  the 
concrete  has  a  higher  thermal  coefficient  and  a  higher 
modulus  of  elasticity  than  the  values  used  in  these 
computations  and  when  the  temperature  differential 
is  higher  than  that  assumed,  these  combined  stresses 
may  be  greatly  increased. 


Table  13. 


Combined  edgi   uml  interior  stresses  in  a  slab  10  feet 

wide  ami  S  inches  thick  ' 


Slab  length 

Combined  edge  stress 

Combined  interior  stress 

k  =  \00 

1;  =  300 

ft  =  100 

k  =  300 

30.- 
15. __ 

Feet 

Lb.  per  sq.  in. 
670 
530 

Kill 

Lb.  per  sq.  in. 
610 
570 
430 

Lb.  persq.in. 
570 
430 
300 

Lb.  per  sq.  in. 
550 
510 

in 

370 

1  From  lips.  15  ami  16. 

3.  In  order  to  effect  any  significant  reduction  in 
combined  stresses  in  the  edge  and  interior  of  the  slab 
it  is  necessary  to  reduce  the  slab  length  to  about  10  feet. 
In  a  slab  10  feet  long  and  S  inches  thick  the  combined 
stresses  will  be  of  the  order  of  400  pounds  per  square 
inch  as  compared  with  600  pounds  per  square  inch  in  a 
slab  30  feet  long. 

4.  In  short  slabs  the  depth  of  the  slab  has  a  very 
marked  influence  on  combined  stresses  at  the  edge 
and  interior.  In  slabs  of  any  length  the  depth  of  slab 
has  a.  marked  influence  on  combined  stresses  at  the 
coiners  and  edges  of  free  transverse  joints. 

5.  The  character  of  the  subgrade,  as  measured  by 
variations  in  the  subgrade  modulus  between  £=  100  and 
£  =  300,  does  not  have  a  great  effect  or  a  consistent 
effect  on  the  magnitude  of  combined  stresses.  In  long 
slabs  the  higher  interior  and  edge  stresses  are  associated 
with  the  lower  values  of  the  modulus  while  in  short 
slabs  the  reverse  is  true. 
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PUBLICATIONS  of  the  PUBLIC  ROADS  ADMINISTRATION 


(Formerly  the  BUREAU  OF  PUBLIC  ROADS) 


Any  of  the  following  publications  may  be  purchased  from 
the  Superintendent  of  Documents,  Government  Printing  Office. 
Washington,  D.  C.  As  his  office  is  not  connected  with  the 
Agency  and  as  the  Agency  does  not  sell  publications,  please 
send  no  remittance  to  the  Federal  Works  Agency. 

ANNUAL  REPORTS 

Report  of   the   Chief   of   the   Bureau  of   Public   Reads,    1931. 

10  cents. 
Report   of   the  Chief   of   the   Bureau  of   Public   Roads,    1933. 

5  cents. 
Report   of   the  Chief  of   the   Bureau  of   Public   Roads,    1934. 

10  cents. 
Report  of   the  Chief  of   the   Bureau  of   Public   Roads,    1935. 

5  cents. 
Report   of   the  Chief  of   the   Bureau  of   Public   Roads,    1936. 

10  cents. 
Report   of   the  Chief  of   the   Bureau  of  Public   Roads,    1937. 

10  cents. 
Report  of  the  Chief  of   the  Bureau  of   Public  Roads,    1938. 

10  cents. 

HOUSE  DOCUMENT  NO.  462 

Part  1 


Part  2 

Part  3 

Part  4 
Part  5 


Nonuniformity  of  State  Motor-Vehicle  Traffic 
Laws.     15  cents. 

Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.     10  cents. 

Inadequacy  of  State  Motor-Vehicle  Accident 
Reporting.     10  cents. 

Official  Inspection  of  Vehicles.     10  cents. 

Case  Histories  of  Fatal  Highway  Accidents. 
10  cents. 

The  Accident-Prone  Driver.     10  cents. 


Part  6 

MISCELLANEOUS  PUBLICATIONS 

No.  76MP    .    .   The  Results  of  Physical  Tests  of  Road-Building 
Rock.     25  cents. 

No.  191  MP.    .    Roadside  Improvement.     10  cents. 

No.  272MP  .    .   Construction  of  Private  Driveways.     10  cents. 

No.  279MP  .    .    Bibliography  on  Highway  Lighting.     5  cents. 

Highway  Accidents.      10  cents. 

The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 

Guides  to  Traffic  Safety.     10  cents. 

Federal   Legislation   and    Rules   and    Regulations    Relating   to 

Highway  Construction.     15  cents. 
An  Economic  and  Statistical  Analysis  of  Highway-Construction 

Expenditures.     15  cents. 
Highway  Bond  Calculations.     10  cents. 
Transition  Curves  for  Highways.     60  cents. 


Rural  Highway  Mileage,  Income,  and  Expendi- 
tures, 1921  and  1922.     15  cents. 
Highway  Bridge  Location.     15  cents. 


DEPARTMENT  BULLETINS 

No.  1279D 

No.  1486D 

TECHNICAL  BULLETINS 

No.  55T   .    .    .    Highway  Bridge  Surveys.     20  cents. 
No.  265T.    .    .   Electrical    Equipment    on    Movable    Bridges. 
35  cents. 

Single  copies  of  the  following  publications  may  be  obtained 
from  the  Public  Roads  Administration  upon  request.  They  can- 
not be  purchased  from  the  Superintendent  of  Documents. 

MISCELLANEOUS  PUBLICATIONS 

No.  296MP.    .    Bibliography  on  Highway  Safety. 


House  Document  No.  272 


Toll  Roads  and  Free  Roads. 


SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y  .    .    Road  Work  on  Farm  Outlets  Needs  Skill  and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 

System  of  Ohio  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Vermont  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  New  Hampshire  (1927). 
Report  of  a  Plan  of  Highway   Improvement  in  the  Regional 

Area  of  Cleveland,  Ohio  (1928). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Pennsylvania  (1928). 
Report  of  a  Survey  of  Traffic  on   the   Federal-Aid   Highway 

Systems  of  Eleven  Western  States  (1930). 

UNIFORM  VEHICLE  CODE 

Act  I. — Uniform  Motor  Vehicle  Administration,  Registration, 
Certificate  of  Title,  and  Antitheft  Act. 

Act  II. — Uniform  Motor  Vehicle  Operators'  and  Chauffeurs' 
License  Act. 

Act  III.— Uniform  Motor  Vehicle  Civil  Liability  Act. 

Act  IV. — Uniform  Motor  Vehicle  Safety  Responsibility  Act. 

Act    V. — Uniform  Act  Regulating  Traffic  on  Highways. 

Model  Traffic  Ordinances. 


A  complete  list  of  the  publications  of  the  Public  Roads  Ad- 
ministration, (formerly  the  Bureau  of  Public  Roads)  classified 
according  to  subject  and  including  the  more  important  articles 
in  Public  Roads,  may  be  obtained  upon  request  addressed  to 
Public  Roads  Administration,  Willard  Bldg.,  Washington,  D.  C. 
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APPLICATION    OF    THE    RESULTS    OF  RE- 
SEARCH TO  THE  STRUCTURAL  DESIGN 
OF  CONCRETE  PAVEMENTS 

Reported  by  E.  F.  KELLEY,  Chief,  Division  of  Tests,  Public  Roads  Administration 


Shape  of  cross  section  oj  slab. — Two  types  of  cross 
section  of  the  pavement  slab  are  in  general  use:  the 
cross  section  of  uniform  thickness,  and  the  cross 
section  in  which  the  edges  of  the  slab  are  thicker  than 
the  central  portion.  An  appreciable  number  of  State 
highway  departments  use  slabs  of  uniform  thickness 
but  the  majority  use  the  thickened-edge  design. 

Since  the  thickened-edge  pavement  design  is  used 
so  extensively  at  the  present  time,  the  history  of  its 
development  is  of  interest. 

So  far  as  is  known,  the  thickened-edge  section  in 
essentially  its  present  form  was  first  utilized  by  the 
California  Highway  Commission,  as  an  alternate  to  a 
section  of  uniform  thickness,  in  the  construction  of 
concrete  bases.  In  this  design  the  edge  depth  of  the 
slab  was  2  inches  greater  than  the  interior  depth,  the 
slab  thickness  being  reduced  from  the  edge  depth  to 
the  interior  depth  at  a  uniform  rate  in  the  outer  IS 
inches  of  pavement  width.  This  alternate  design  is 
shown  in  the  May  1,  1913,  issue  of  the  California 
Highway  Bulletin  and  it  is  shown  subsequently  in  the 
first  and  second  biennial  reports  of  the  California  High- 
way Commission  (Dec.  31,  1918,  and  Dec.  31,  1920). 
In  the  biennial  report  for  1921-22  (Nov.  1,  1922'  the 
thickened-edge  cross  section  appears  as  a  standard 
rather  than  an  alternate  design. 

According  to  T.  E.  Stanton  4  the  alternate  thickened- 
edge  section  was  officially  adopted  in  November  1912, 
for  base  construction  and  was  used  for  this  purpose 
from  time  to  time  until  1921  after  which  it  was  made 
standard  for  all  concrete  pavement  construction. 

In  1920  Maricopa  County,  Ariz.,  undertook  a  very 
extensive  paving  program  and  on  November  12  of  that 
year  construction  was  started  on  a  contract  involving 
141  miles  of  concrete  pavement,  all  with  thickened 
edges  (35). b  The  design  provided  for  a  uniform  interior 
thickness  of  either  5  or  6  inches  and  an  edge  thickness 
3  inches  greater  than  the  interior  thickness.  The  edge 
thickness  was  reduced  to  the  interior  thickness  at  a 
uniform  rate  in  a  distance  of  2  feet.  Thus  the  section 
was  identical  with  that  which  is  used  today  by  a  number 
of  States  and  was  similar  to  that  now  used  by  a  majority 
of  the  States.  The  stated  purpose  of  the  design  was  to 
"strengthen  the  edge  and  at  the  same  time  permit 
simple  construction  of  the  subgrade"  and  to  secure  "a 
paving  slab  with  a  more  uniform  resisting  strength" 
(36). 

The  Pittsburg  Test  Road  at  Pittsburg,  Calif.,  was 
built  during  the  summer  of  1921.  Traffic  tests  were 
begun  that  year  and  were  finally  discontinued  in  July 
1922.  The  test  road  contained  one  thickened-edge 
section,   similar   to   the   9-6-9-inch    section  used  pre- 

*  Materials  and  Research  Engineer,  Invision  of  Highways,  California  Department 
of  Public  Works. 

a  Because  of  its  length,  this  report  is  presented  in  two  issues  of  Public  Roads. 
The  first  installment  appeared  in  the  July  issue 

k  Italic  figures  in  parenthesis  refer  to  the  bibliography,  p.  102,  of  the  pn  i  ding 
issue. 
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viously  in  Maricopa  County,  and  in  the  final  report 
1.37),  issued  January  1,  1923,  tins  section  was  given  the 
highest  rating  of  any  of  the  sections  included  in  the 
investigation. 

The  sections  of  the  Bates  Road  (21)  that  were  built 
in  1920  and  1921  did  not  include  any  thickened-edge 
design.  However,  sections  of  this  design  were  built  in 
the  fall  of  1922  and  were  subjected  to  traffic  tests  dur- 
ing 1923.  The  results  corroborated  the  earlier  findings 
of  the  Pittsburg  tests  that  thickening  the  edges  of  a 
relatively  thin  pavement  slab  greatly  increases  it^  re- 
sistance to  concentrations  of  heavy  wheel  loads. 

In  general,  two  types  of  thickened-edge  cross  sections 
are  used.  In  one,  the  upper  and  lower  boundaries  of 
the  section  are  parabolic  curves  so  arranged  that  the 
thickness  gradually  increases  from  a  minimum  at  the 
'■enter  to  a  maximum  at  the  edge,  the  edge  thickness 
being  from  2  to  3  inches  greater  than  the  center  thick- 
ess  The  second  type,  which  is  used  by  a  majority  of 
the  State  highway  departments,  is  the  same  as  that 
used  originally  by  the  California  Highway  Commission. 
The  central  portion  of  the  slab  is  of  uniform  thickness 
and  the  edge  thickness  exceeds  this  by  2  to  3  inches. 
The  edge  section  is  a  trapezoid,  the  edge  thickening 
taking  place  at  a  uniform  rate  over  the  outer  2  to  4  feet 
of  -lab  width.  In  the  Arlington  tests  {17)  it  has  been 
found  that  with  this  type  of  cross  section  the  greatest 
uniformity  of  load  stresses  throughout  the  section  may 
be  obtained. 

Another  type  of  thickened-edge  section  that  is  used 
to  a  considerable  extent  is  the  lip-curb  design.  In  this 
design  a  low  curb  of  approximately  wedge  shape  is  formed 
along  the  edge  of  the  slab.  The  base  of  the  curb  is 
generally  about  12  inches  wide  and  the  height  is  about 
3  inches.  When  such  a  curb  is  superimposed  on  a  slab 
of  uniform  thickness  the  stress  diagram  for  loads  is  veri- 
similar to  that  for  slabs  of  the  conventional  thickened- 
edge  type  in  which  the  edge  thickening  is  on  the  under- 
side of  the  slab  (17).  However,  the  lip-curb  design  is 
not  used  primarily  to  strengthen  the  slab  edge  but 
rather  as  a  drainage  measure  to  prevent  erosion  of  the 
road  shoulders  by  storm  water. 

EFFECT  OF  LOAD  STRESSES  ON  SLAB  DESIGN   DISCUSSED 

Use  of  stress  analysis  in  design. — In  introducing  the 
discussion  of  the  application  of  stress  analysis  to  the 
design  of  pavement  slabs  it  is  well  to  emphasize  that 
one  of  the  basic  assumptions  of  the  Westergaard  anal- 
yses, both  for  load  stresses  and  temperature  warping 
stresses,  is  that  the  thickness  of  the  slab  is  uniform. 
The  equations  for  edge  stress  and  corner  stress  are  not 
directly  applicable  to  slabs  of  thickened-edge  design. 

With  respect  to  interior  stresses  the  situation  is  some- 
what different.  In  the  Arlington  tests  (17)  it  was  found 
that  in  slabs  of  uniform  thickness  the  critical  stress 
under  a  load  in  the  interior  of  the  slab  was  practically 
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the  same  from  the  center  of  the  slab  to  a  point  about 
2V2  feet  from  the  edge.  A  similar  condition  was  found 
to  exist,  over  an  even  greater  portion  of  the  slab  width. 
in  thickened-edge  slabs  in  which  the  edge  thickness  was 
reduced  to  a  uniform  interior  thickness  in  a  short 
distance  and  at  a  uniform  rate.  Therefore,  it  appears 
appropriate  to  use  the  equation  for  interior  load  stress 
both  for  slabs  of  uniform  thickness  and  for  those  with 
thickened  edges  since,  in  the  latter  case,  the  maximum 
interior  stresses  are  not  affected  appreciably  by  the  edge 
thickening.  Although  test  data  are  not  available 
considerations  of  similar  character  lead  to  the  con- 
clusion that  it  will  be  approximately  correct  to  con- 
sider interior  warping  stresses  in  a  slab  of  uniform  thick- 
ness to  be  the  same  as  in  a  thickened-edge  slab  in  which 
the  interior  portion  is  of  equal  uniform  thickness. 

in  applying  stress  analysis  to  the  design  of  slabs  of 
uniform  thickness,  curves  similar  to  those  of  figure  9 
may  be  used  to  determine  the  thickness  required  to 
resist  load  stresses.  For  example,  assume  that  it  is 
desired  to  determine  the  required  thickness  of  a  slab 
having  a  modulus  of  rupture  of  700  pounds  per  square 
inch  for  load  A,  an  S, 000-pound  wheel  equipped  with 
high-pressure  pneumatic  tires.  If  the  conservative 
working  unit  stress  of  350  pounds  per  square  inch  is 
used,  figure  9  shows  that  the  required  thicknesses  for  the 
interior,  corner  and  edge  are  approximately  6.2  inches, 
9  inches,  and  8.6  inches,  respectively.  These  figures 
indicate  that  if  the  allowable  unit  stress  is  to  be  limited 
to  350  pounds  per  square  inch  the  slat)  should  have  a 
uniform  thickness  of  9  inches.  However,  the  load 
stresses  will  not  be  equal  in  the  several  portions  of  the 
slab.  The  indicated  stresses  at  the  interior,  corner,  and 
edge  of  this  9-inch  slab  are  approximately  f90,  350,  and 
330  pounds  per  square  inch,  respectively.  On  the  other 
hand,  if  a  less  conservative  unit  stress  is  used,  say  400 
pounds  per  square  inch,  then  the  required  thickness  of 
slab,  as  determined  by  the  corner  stress,  is  approxi- 
mately 8.3  inches.  In  this  case  the  computed  load 
stresses  at  the  interior,  corner,  and  edge  of  the  slab  are 
approximately  220,  400,  and  370  pounds  per  square 
inch,  respectively. 

In  the  Arlington  tests  (17)  it  has  been  found  that  the 
thickened-edge  cross  section  gives  the  nearest  approach 
to  a  design  that  is  balanced  for  load  stresses;  that  is, 
one  in  which  the  stresses  in  a  cross  section  of  the  slab 
are  approximately  equal  for  all  positions  of  the  load. 
It  has  also  been  found  that  the  section  which  most 
nearly  accomplishes  this  is  of  uniform  thickness  in  the 
interior  and  has  an  edge  thickness  about  1.67  times 
the  interior  thickness,  the  edge  thickness  being  reduced 
to  the  interior  thickness  at  a  uniform  rate  over  a  dis- 
tance of  2  to  2){  feet, 

At  present,  the  only  means  of  applying  stress  analysis 
to  the  design  of  thickened-edge  slabs  is  to  determine 
the  interior  thickness  in  the  same  mannei  as  for  slabs 
of  uniform  depth  and  to  determine  the  edge  thickness 
by  the  empirical  relation  between  edge  and  center 
thickness  that  has  been  indicated  by  the  Arlington 
tests. 

On  the  basis  of  the  same  assumptions  that  have  been 
made  for  the  slabs  of  uniform  thickness,  the  interior 
thickness  required  to  resist  load  A  in  a  thickened-edge 
slab  is  indicated  to  be  approximately  6.2  inches  if  the 
allowable  unit  stress  is  350  pounds  per  square  inch 
and  5.7  inches  if  the  allowable  unit  stress  is  40(1  pounds 
per  square  inch.  Since  these  dimensions  are  based  on 
Westergaard's    original    analvsis     rather    than    on    the 


modified  analysis  of  interior  stresses,  it  will  be  suffi- 
ciently accurate  to  use  interior  thicknesses  of  6  inches 
and  5.5  inches,  respectively. 

Multiplying  these  figures  by  1.67  gives  an  edge 
thickness  of  10  inches  for  the  first  design  and  9.2  inches 
for  the  second.  The  data  obtained  in  the  Arlington 
tests  indicate  that  the  load  stresses  in  the  edge  and 
interior  of  the  10-6-10-inch  cross  section  will  be  ap- 
proximately balanced  and  equal  to  about  350  pounds 
per  square  inch  and  that  the  edge  and  interior  load 
stresses  in  the  9.2-5.5-9.2-inch  cross  section  will  be 
approximately  balanced  and  equal  to  about  400  pounds 
per  square  inch. 

Permissible  unit  stresses. — Before  discussing  the  de- 
sign of  pavement  slabs  to  resist  the  combined  stresses 
due  to  load  and  temperature  warping  it  is  desirable  to 
consider  the  factors  that  should  influence  the  selection 
of  permissible  maximum  unit  stresses.  Most  of  these 
factors  have  been  mentioned  in  the  previous  discussion. 

As  has  been  stated,  consideration  of  the  available 
data  concerning  the  fatigue  limit  of  concrete  has  led 
to  the  rather  general  practice  of  assuming  about  50 
percent  of  the  ultimate  flexural  strength  as  a  safe  value 
of  the  unit  stress  to  be  used  in  designing  pavements  to 
resist  wheel  loads.  In  general  the  probable  strength 
of  paving  concrete  at  ages  greater  than  28  days  is  not 
definitely  known  and  therefore  the  design  stress  has 
usually  been  based  on  the  28-day  strength.  Since  con- 
crete of  the  character  used  in  pavements  may  be  ex- 
pected to  have  a  flexural  strength  at  28  days  of  from 
600  to  700  pounds  per  scpiare  inch,  the  customary 
design  stress  has  been  of  the  order  of  300  to  350  pounds 
per  square  inch. 

FOR    COMBINED  STRESSES.    ALLOWABLE  STRESS    MAY   EXCEED    100 
POUNDS  PER  SQUARE  INCH 

As  applied  to  load  stresses  this  practice  is  a  con- 
servative one  and  the  considerations  that  lead  to  this 
conclusion  are: 

1.  The  possibility  that  the  fatigue  limit  of  concrete, 
for  the  loading  conditions  that  obtain  in  pavements,  is 
greater  than  50  percent  of  the  ultimate  strength. 

2.  The  possibility  that  the  stresses  in  pavement 
slabs  caused  by  impact  forces  are  less  than  those 
caused  by  static  loads  of  the  same  magnitude. 

3.  The  fact  that  concrete  increases  in  strength  with 
age  and  the  probability  that  by  the  time  the  pavement 
has  been  subjected  to  enough  repetitions  of  stress  due 
to  maximum  wheel  loads  to  require  consideration  of 
the  fatigue  limit,  the  concrete  will  have  attained  a 
strength  appreciably  in  excess  of  its  strength  at  28 
days. 

The  numerous  investigations  that  have  been  made 
indicate  that  the  rate  at  which  concrete  increases  in 
strength  after  the  age  of  28  days  is  a  variable  that 
depends  on  several  factors.  The  averages  of  the  results 
obtained  in  a  number  of  these  investigations  give 
values  of  the  moduli  of  rupture  at  the  age  of  1  year 
that  exceed  the  average  moduli  at  the  age  of  28  days 
by  amounts  ranging  from  about  20  to  45  percent. 
Since  these  are  average  figures  it  is  apparent  that 
under  some  conditions  the  1-year  strength  will  exceed 
the  28-day  strength  by  less  than  20  percent. 

It  must  be  recognized  that,  for  a  given  concrete,  the 
1-year  strength  cannot  he  predicted  with  any  certainty 
from  test  results  obtained  at  28  days.  However, 
when  all  the  factors  are  considered,  it  does  not  seem 
unreasonable  to  believe  that  in  general  there  may  he 
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expected  a  minimum  increase  in  strength  between  the 
ages  of  28  days  and  1  year  of  the  general  order  of  20 
percent. 

If  the  practice  of  limiting  load  stresses  to  about  50 
percent  of  the  28-day  strength  of  the  concrete  is  a 
conservative  one,  then  the  same  practice  would  cer- 
tainly be  unduly  conservative  if  applied  to  the  design 
of  slabs  proportioned  to  resist  the  combined  stresses 
due  to  load  and  temperature  warping.  The  additional 
considerations  that  lead  to  this  conclusion  have  been 
discussed  previously  and  are: 

4.  The  fact  that  vehicles  having  maximum  wheel 
loads  constitute  a  small  percentage  of  the  traffic  on 
most  roads.  The  occurrence  of  maximum  stress  due 
to  load  is  therefore  relatively  infrequent  and  the 
occurrence  of  maximum  load  stress  in  combination 
with  maximum  warping  stress  is  much  less  frequent. 
This  is  particularly  true  in  those  localities  where  the 
movement  of  heavy  trucks  is  principally  at  night  when 
the  warping  stresses  that  are  of  consequence  are  gen- 
erally such  that  the  combined  stresses  are  less  than 
the  load  stresses. 

5.  The  fact  that  the  unknown  stresses  due  to  moisture 
warping  appear  to  reduce,  rather  than  to  increase,  the 
maximum  stresses  due  to  temperature  warping. 

On  the  basis  of  present  knowledge  the  five  factors 
that  have  been  mentioned  cannot  be  definitely  evalu- 
ated. However,  when  all  of  them  are  considered,  it 
does  not  appear  unreasonable  to  conclude  that,  when 
the  design  is  based  on  combined  stresses  due  to  load 
and  temperature,  the  safe  allowable  unit  stress  is  in 
excess  of  400  pounds  per  square  inch  and  may  be 
as  high  as  500  pounds  per  square  inch. 

Design  of  cross  section  for  combined  load  and  tem- 
perature-warping stresses. — A  consideration  of  slab 
design  on  the  basis  of  combined  load  and  warping 
stresses  leads  to  the  conclusion  that  there  must  be 
either  an  increase  in  permissible  unit  stresses  even 
beyond  the  limits  that  have  been  suggested  or  an 
acknowledgment  that  current  practice  with  respect  to 
joint  spacing  in  nonreinforced  concrete  slabs  is  incorrect . 

In  the  previous  discussion  it  has  been  shown  that, 
for  the  assumed  conditions,  a  slab  of  9-inch  uniform 
thickness  is  required  if  the  unit  load  stress  is  limited 
to  350  pounds  per  square  inch  and  that  the  thickness 
should  be  about  8.3  inches  if  the  unit  load  stress  is 
limited  to  400  pounds  per  square  inch.  The  combined 
interior  and  edge  stresses  (from  figures  15  and  16) 
in  these  same  slabs  are  shown  in  table  14.  It  will  be 
observed  that  the  edge  stresses  are  always  greater 
than  the  interior  stresses;  that  in  a  30-foot  slab  the 
edge  stresses  are  equal  to  or  greater  than  600  pounds 
per  square  inch;  that  in  a  15-foot  slab  they  exceed 
500    pounds    per   square    inch    except    when    the    slab 

Table   14. —  Combined  edge  and  interior  stressei    in   slabs   10  feet 
wide  and  of  uniform  thickness  ' 


Position 

Length  <  I  si  .h 

Depth  of  slab 
(inches; 

30  feet 

10  feet 

k =100 

it =300 

Lb    per 

sq    III 
55(1 

600 
550 

1  ii  H  i 

/•=100 

1;  =  3i  10 

k  =  lUii 

A- =300 

9.* 

(Interior 

(.Edge 

(Interior ... 

Lb  per 

sq.  in. 
571) 
650 
570 
660 

Lh.  per 
sq.  in 

380 

160 

4'JII 

Lh   pi  i 

sq.  in. 

4S0 

530 

500 

Lb.  1 1 1 

sq    in 
250 
331) 
290 
380 

I.l>    pi ' 

8.3 

350 

[Edge 

510           5 1!0 
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i 
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i  From  fig?,  loacd  16. 


Figure  18.  —  Maximum  Stress  Diagrams  for  Combined 
Load  axd  Warping  Stresses  for  Two  Typical  Cross 
Sections;  Slab  Length  20  Feet;  Based  on*  Data  From 
the  Arlington*  Tests.  Double  Hatched  Area  Shows 
the  Small  Reduction  Applied  to  the  Observed  Load 
Stress  Values  to  Correct  for  the  Effect  of  Warping. 

thickness  is  9  inches  and  £=100;  and  that  it  is  not 
until  the  slab  length  is  reduced  to  10  feet  that  the 
edge  stresses  are  reduced  to  values  equal  to  or  less  than 
about  400  pounds  per  square  inch. 

Since,  as  has  been  stated,  only  the  interior  stresses 
can  be  computed  in  a  thickened-edge  slab,  it  is  neces- 
sary to  depend  on  the  data  from  the  Arlington  tests 
for  information  concerning  balanced  design  of  cross 
section  for  slabs  with  thickened  edges.  Figure  18 
shows  such  data  for  a  6-inch  uniform  section  and  a 
9- 6-9-inch  section,  the  load  stresses  in  both  being  the 
stresses  observed  under  a  load  of  8,000  pounds  and  the 
slab  length  being  20  feet. 

ASSUMPTIONS  NECESSARY  IN  APPLYING  WESTERGAARD  ANALYSIS 
TO  THICKENED-EDGE  SLABS 

In  the  6-inch  uniform-thickness  slid)  the  observed 
load  stresses  of  figure  18  are  somewhat  less  than  the 
computed  stresses  shown  in  figures  15  and  16.  This  is 
to  be  expected  since  the  loads  are  not  the  same.  How- 
ever, the  observed  warping  stresses  of  figure  IS  are 
greater  than  the  computed  warping  stresses  of  figures 
15  and  16  even  for  a  slab  length  of  30  feet.  The  net 
result  is  that  the  observed  combined  stresses  in  the 
6-inch  slab,  20  feet  long,  of  figure  18  are  of  about  the 
same  order  of  magnitude  as  the  average  values,  for  k  = 
100  and  £=300,  of  the  computed  combined  stresses  in 
the  6-inch  slab,  30  feet  long,  of  figures  15  and  16.  This 
is  merely  a  demonstration  of  the  fact  that  observed 
stresses  are  of  the  same  order  of  magnitude  as  the 
maximum  stresses  obtained  by  theoretical  analysis. 

The  real  importance  of  figure  18  lies  in  the  tact  that, 
from  the  standpoint   both  of  maximum  stress  and  of 
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uniformity  of  stress,  there  is  no  significant  difference 
between  the  thickened-edge  section  and  the  section  of 
uniform  thickness.  The  maximum  combined  stresses 
are  approximately  the  same  for  both  slabs  and  the  stress 
diagrams  are  of  approximately  the  same  shape.  There- 
fore, it  may  be  concluded  that  for  long  slabs  (20  feet  or 
more)  there  is  no  particular  advantage,  from  the  stand- 
point of  combined  stresses  at  the  edge  and  interior,  of 
thickening  the  slab  edges.  This  conclusion  does  not 
apply  to  the  slab  corners  where  the  load  stresses  are 
greatly  reduced  by  edge  thickening  and  where  the 
combined  stresses  do  not  exceed  the  load  stresses  by 
any  great  amount.  With  respect  to  short  slabs  length 
about  10  feet)  a  further  analysis  is  necessary  before  a 
conclusion  can  be  reached. 

As  has  already  been  pointed  out.  the  Westerg 
analyses  for  load  and  warping  stresses  do  not  apply  to 
slabs  with  thickened  edges.  Therefore  there  is  no 
exact  analytical  method  available  on  which  to  base  a 
comparison  of  maximum  combined  stresses  in  short 
slabs  of  uniform  thickness  with  those  in  slabs  with 
thickened  edges.  However,  by  making  certain  assump- 
tions, which  the  data  from  the  Arlington  tests  appear 
to  justify,  it  is  possible  to  make  an  approximate  com- 
putation of  stresses  in  thickened-edge  slabs  for  com- 
parison with  stresses,  computed  by  the  Westergaard 
analyses,  in  slabs  of  uniform  thickness.  These  assump- 
tions are  as  follows: 

1.  That  the  Westergaard  analyses  for  load  and  warp- 
ing stresses  are  applicable  to  the  interior  of  thickened- 
edge  slabs  in  which  the  interior  portion  of  the  slab  is  of 
uniform  thickness. 

2.  That  when  the  edge  thickness  of  a  thickened-edge 
slab  is  1.67  times  the  interior  thickness  the  maximum 
load  stress  at  the  edge  is  approximately  the  same  as 
the  maximum  interior  load  stress. 

These  two  assumptions  have  been  discussed  pre- 
viously. 

3.  That  the  edge-warping  stress  in  a  thickened-edge 
slab  is  approximately  the  same  as  the  edge-warping 
stress  in  a  slab  having  a  uniform  thickness  equal  to  the 
edge  thickness  of  the  thickened-edge  slab. 

In  the  Arlington  tests  ((16).  table  4)  it  was  found 
that  the  average  observed  warping  stresses  in  the  edges 
of  slabs  20  feet  long  and  of  uniform  thickness  were  not 
much  greater  in  a  9-inch  slab  than  in  a  6-inch  slab. 
This  result  is  not  in  accord  with  theory  and  cannot  be 
fully  explained.  However,  the  average  edge-warping 
stresses  in  a  9-6-9-inch  section  exceeded  the  average 
edge  stresses  in  a  slab  of  6-inch  uniform  thickness  by 
about  30  percent. 

By  using  the  same  assumptions  that  have  been  used 
previously  in  the  computation  of  warping  stresses,  it 
may  be  shown  that  in  a  slab  20  feet  long  the  edge- 
warping  stresses  in  a  6-inch  slab  of  uniform  thickness 
are  approximately  240  pounds  per  square  inch  both 
for  A'=100  and  £=300  and  that  the  edge  stresses  in  a 
9-inch  slab  of  uniform  thickness  are  approximately 
290  pounds  per  square  inch  for  A*=100  and  360  pounds 
per  square  inch  for  .£=300.  The  average  value  of 
325  pounds  per  square  inch  for  the  9-inch  slab  exceeds 
the  average  value  of  240  pounds  per  square  inch  for 
the  6-inch  slab  by  about  35  percent. 

The  average  computed  stress  and  the  average  ob- 
served stress  in  the  6-inch  slab  of  uniform  thickness  are 
of  about  the  same  order  of  magnitude.  The  same  is 
true  of  the  computed  stress  in  the  9-inch  slab  of  uniform 
thickness  as  compared  with  the  average  observed  st  ress 


in  the  9-6-9-inch  section.  Also  the  ratio  of  the  com- 
puted edge  stress  in  a  9-inch  slab  to  that  in  a  6-inch 
slab  is  approximately  the  same  as  the  ratio  of  the  ob- 
served stress  in  the  edge  of  the  9-6-9-inch  section  to 
that  in  the  edge  of  the  6-inch  section.  Therefore,  it 
appears  that  it  is  a  reasonable  approximation  to  assume 
that  in  a  thickened-edge  slab  the  edge  warping  stress  is 
of  the  same  order  of  magnitude  as  in  a  uniform-thick- 
ness slab  having  the  same  edge  depth. 

Approximate  interior  and  edge  stresses,  computed  on 
the  basis  of  these  three  assumptions,  are  shown  in 
table  15  for  three  thickened-edge  sections.  Also  shown 
in  this  table  are  the  stresses  in  slabs  of  uniform  thick- 
ness that  are  approximately  comparable,  with  respect 
to  maximum  stress,  with  the  thickened-edge  designs. 
The  three  pairs  of  cross  sections  are  designed  for  maxi- 
mum combined  stresses  of  approximately  500,  425,  and 
350  pounds  per  square  inch. 

Table   15. —  Combined  stresses   in  thickened-edge  slabs  and  slabs 
■s;  for  slabs  10  feet  wide  and  10  feet  long1 


.nch  section 


Interior 


4  =  100    4  =  300 


Lb.  p(r  Lb.  p(T 
sq.  in.    sg.  in. 

Load  ?tre<s. 370  320 

Warping  stress. 110        -'i"1 

Combined  stress 480 

Average 500 


E<!;je 


4  =  100    4  =  300 


Lb.  pir 

sg.  in. 

430 

50 

480 


Lb.  per 

sq.  in. 
370 
130 
500 


.1-ineh  uniform  section 


Interior 


4  =  100   4=300 


Lb.  per 
sq.  in. 

280 
90 

370 


Lb.  per 

sq.  in. 

250 

180 

430 


400 


Edge 


4=100   4=300 


Lb.  per  Lb.  per 
sq.  in      sq.  in. 

410  350 

70  150 

480  500 


490 


10-6.8-10-inch  section 

S-inch  uniform  section 

Interior 

Edge 

Interior 

Edge 

4  =  100 

4=300 

4  =  100 

4  =  300 

4  =  100 

4  =  300 

4  =  100 

4=300 

Load  stress 

Lb.  per 
sq.  in. 

li 

90 
390 

Lb.  per 

sq.  in. 

260 

180 

440 

Lb.  per 

sq  in. 

370 

50 

Lb.  per 
sg.in. 
20 
no 

Lb.  per 

sq.  in. 

230 

70 

300 

Lb.  per 

sq.  in. 

200 

170 

370 

Lb.  per 
sq.  in. 

340 
60 

400 

Lb.  pn 

sq.  in. 
290 
140 

Average 

420         430 

430 

415 

425                        335 

415 

11.2-7.8-11.2-inch  section              9-inch  uniform  section 

Interior 

Edge 

Interior 

Edge 

4  =  100 

4  =  300 

fc=100 

4=300 

4  =  100 

4=300 

4=100 

4  =  300 

Load  stress 

it  pei 
sq.  in. 

240 
70 

310 

Lb.  per 

sq.  in. 

210 

170 

380 

Lb.  per 
sq  in. 

310 
40 

350 

Lb.  per 
sq.  in. 

270 
90 

360 

Lb.  per 
sq.  in. 

190 
00 

250 

Lb.  per 

sq.  in. 

170 

150 

320 

Lb.  per 
sq.  in. 

280 
50 

330 

Lb.  per 

sq.  in. 

240 

Combined  stress 

ISO 
370 

Average 

345 

355 

285 

350 

>  Assumptions  with  respect  to  load  and  other  variables  same  as  in  figs.  15  and  16. 

THICKENED-EDGE    SLAB    HAS    NO    MARKED    SUPERIORITY    OVER 
UNIFORM-THICKNESS  SLAB 

It  will  be  observed  that  in  all  cases,  for  slabs  of  this 
length,  the  maximum  combined  stress  is  less  when  k= 
100  than  when  £  =  300.  The  difference  is  not  great  in 
any  case  and,  since  the  value  of  the  subgrade  modulus 
cannot  be  predetermined,  it  is  considered  reasonable  to 
average  the  stresses  for  the  two  subgrade  conditions. 
On  the  basis  of  these  average  stresses  the  9-6-9-inch 
thickened-edge  section  is  comparable  with  the  section 


August  1939 


PUBLIC  ROADS 


111 


of  7.1-inch  uniform  thickness;  the  10-6.8-10-inch  sec- 
tion may  be  compared  with  the  8-inch  uniform  section; 
and  the  11.2-7.8-11.2-inch  section  may  be  compared 
with  the  9-inch  uniform  section. 

Since  these  pairs  of  slabs  are  comparable  with  respect 
to  stress  they  may  also  be  compared  on  tbe  basis  of 
probable  cost.  In  making  this  comparison  the  depth  of 
the  thickened-edge  slabs  will  be  assumed  to  be  in- 
creased at  a  uniform  rate  from  the  interior  thickness  to 
the  edge  thickness  in  the  outer  2  feet  of  slab  width. 
Then  in  a  mile  of  20-foot  pavement  the  amount  of 
concrete  required  by  the  slabs  of  uniform  thickness 
exceeds  that  required  by  the  comparable  thickened-edge 
slabs  by  approximately  260,  290  and  280  cubic  yards, 
respectively,  for  the  slabs  having  uniform  thicknesses 
of  7.1,  8,  and  9  inches.  When  consideration  is  given  to 
the  additional  expense  involved  in  the  construction  of 
thickened-edge  slabs,  such  as  shaping  the  subgra<l<\ 
shaping  joint  fillers,  the  more  expensive  side  forms  that 
are  required,  and  the  expense  of  strengthening  the 
edges  of  transverse  joints,  it  appears  that  there  is  no 
great  difference  in  cost  between  the  thickened-edye 
slab  and  the  slab  of  uniform  thickness 

In  the  above  comparison  of  thickened-edge  and  uni- 
form-thickness slabs  no  consideration  has  been  given 
to  stresses  due  to  corner  loading.  There  are  two  reasons 
for  this,  the  first  being  the  very  practical  one  that  there 
is  no  accurate  method  available  for  computing  either 
the  load  stresses  or  the  warping  stresses  in  the  corner 
of  a  thickened-edge  slab. 

The  second  reason  is  that  in  slabs  of  uniform  thick- 
ness the  corner  stresses  will  not  exceed  the  edge  stre— < ss 
except  at  transverse  joints  not  provided  with  load- 
transfer  devices  and  at  transverse  cracks  in  nonrein- 
forced  pavements.  For  the  uniform-thickness  slabs 
shown  in  table  15  the  average  maximum  combined 
corner  stresses  (average  for  £=100  and  fr=300)  are 
530,  445,  and  375  pounds  per  square  inch,  respectively, 
for  the  7.1-,  8-,  and  9-inch  slabs.  These  corner  stresses 
exceed  the  comparable  edge  stresses  by  a  maximum  of 
40  pounds  per  square  inch.  As  will  be  shown  later,  any 
of  the  common  types  of  load-transfer  devices  used  in 
transverse  joints  may  be  expected  to  reduce  corner 
stresses  by  much  greater  amounts  than  this  and  there- 
fore the  neglect  of  corner  stresses  in  slabs  of  uniform 
thickness  will  not  result  in  any  overstress  at  transverse 
cracks  or  joints  in  properly  reinforced  slabs  in  which 
the  joints  are  provided  with  some  means  for  load  trans- 
fer. The  overstresses  that  may  occur  at  free  transverse 
joints  or  at  transverse  cracks  in  nonreinforced  pave- 
ments are  so  small  as  to  be  negligible. 

While  no  figures  can  be  produced  to  support  the  argu- 
ment, it  is  believed  that  the  same  reasoning  is  applicable 
to  thickened-edge  slabs  and  that  the  designs  of  table  15 
are  truly  comparable  even  though  they  cannot  be  com- 
pared on  the  basis  of  corner  stresses. 

On  the  basis  of  the  foregoing  discussion  it  is  concluded 
that,  when  pavement  slabs  are  designed  for  wheel  load- 
such  as  are  commonly  permitted  by  regulatory  laws  and 
when  the  combined  stresses  due  to  load  and  temperature 
warping  are  kept  within  safe  limits,  the  thickened-edge 
cross  section  has  no  marked  advantage  over  the  cross 
section  of  uniform  thickness. 

Edge  strengthening  at  free  transverse  joints. — When  a 
free  transverse  joint  is  introduced  in  a  thickened-edge 
slab,  or  when  a  transverse  crack  develops  in  a  thickened- 
edge  slab  that  is  not  reinforced,  a  condition  of  relative 
weakness  is  created  at  the  edges  of  the  joint  or  crack. 


This  is  because  the  central  portion  of  the  joint  or  crack 
has  the  same  thickness  as  the  interior  of  the  slab  but  is 
subjected  to  the  higher  stresses  which  are  associated 
with  edge  leading. 

In  table  16  are  shown  the  maximum  combined  stresses 
at  the  interior,  the  longitudinal  edge  and  the  edge  of  a 
free  transverse  joint  in  each  of  the  three  thickened- 
edge  slabs  that  have  already  been  shown  in  table  15. 
However,  in  table  16  the  slabs  are  assumed  to  be  30 
feet  long  instead  of  10  feet  as  in  table  15. 

In  table  15,  for  slabs  10  feet  long,  the  maximum 
stresses  were  shown  to  be  approximately  500  pounds 
per  square  inch  for  the  9-6-9-inch  section.  425  pounds 
per  square  inch  for  the  10-6.8-10-inch  section  and  350 
pounds  per  square  inch  for  the  11.2-7.8-11.2-inch  sec- 
tion. It  will  be  noted  at  once,  from  table  16,  that 
increasing  the  slab  length  from  10  to  30  feet  has  in- 
creased the  stresses  in  the  9-6-9-inch  section  from  a 
maximum  of  500  pounds  per  square  inch  to  600  pounds 
per  square  inch  in  the  interior  and  760  pounds  per 
square  inch  in  the  longitudinal  edge.  It  will  also  be  noted 
that  the  stresses  at  the  interior  and  edge  of  the  two 
heavier  slabs  are  almost  as  large  as  in  the  9-6-9-inch 
section.  Thus,  as  has  already  been  shown,  the  magni- 
tude of  combined  interior  and  edge  stresses  in  slabs  as 
long  as  30  feet  is  not  greatly  affected  by  variations  in 
the  depth  of  the  slab. 

Table  16. — Combined   stresses   in   thickened-edge   slabs   having  a 
width  of  10  feet  ami  a  length  of  30  feet  ' 
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010 

Average 

- 

i.iii 

7',' 

0 

" 

10-6.8-10-inch  section 

Ii:r..-ri"r 

Edge 

E.l^e  of  free  trans- 
verse joint 

k  =  100 

4=300 

fc=100    j    4  =  300 

4  =  100 

4  =  300 

Lb.  per 
sq.  in. 
300 
290 

Lb.  per 

sq.  in. 

200 

300 

500 

Lb.  per 
sq.  in. 
370 

Lb.  per 
sq.  in. 
320 

Lb.  per 
sq.  in. 

440 
80 

520 

Lb.  per 

sq.  in. 
370 

Warping  stress 

Combined  stress 

400 
770 

400 
720 

100 
530 

Average 

5" 

7- 

i5 

5 

i- 

11.2-7.8-11.2-inch  section 


Interior 


4  =  100 


4  =  300 


4=100         A:  =  300 


Load  stress 

Warping  stress... 
Combined  stress.. 


Average 


Lb.  per 

sq.  in. 

240 

330 

570 


Lb.  per 

sq.  in. 

210 

:«0 

540 


Lb.  per  i    Lb.  per 
sq.  in.         sq.  in. 
310  270 

440  450 

750  I  720 


Edge  of  free  trans- 
verse joint 


k  =  100 


Lb.  per 
sq.  in. 

300 
60 

420 


4=300 


Lb.  pe- 
sq.  in. 
300 

I  I 
44 


735 


. 


1  Assumptions  with  resp  oad  and  other  variables  same  as  in  rigs.  15.  10  and  17 
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EDGES  OF  TRANSVERSE  JOINTS  MUST  BE  STRENGTHENED 

Table  16  shows  that  in  these  30-foot  slabs  the  stress 
at  the  edge  of  a  free  transverse  joint  is  approximately 
equal  to  or  less  than  the  stress  in  the  interior  of  the 
slab.  This  condition  might  be  considered  as  evidence 
that  there  is  no  necessity  for  strengthening  the  edges  of 
transverse  joints  in  thickened-edge  pavements.  How- 
ever, the  figures  presented  indicate  that  combined  vd^e 
stresses  of  the  order  of  750  pounds  per  square  inch 
may  be  expected  in  slabs  of  this  length  and  it  may  be 
anticipated  that  stresses  of  this  magnitude  will  even- 
tually result  in  the  formation  of  transverse  cracks. 
When  these  cracks  develop,  the  slab  length  will  be  re- 
duced and  the  combined  stresses  at  the  interior  and  edge 
will  also  be  reduced  but  the  reduction  in  slab  length  will 
have  no  effect  on  the  combined  stress  at  the  edge  of  free 
transverse  joints.  The  joint  stresses  are  then  likely  to 
be  much  higher  than  the  edge  and  interior  stresses  and 
should  be  reduced,  by  edge  strengthening,  to  safe  values 
and  to  values  which  are  not  excessive  as  compared  with 
the  stresses  in  other  portions  of  the  slab. 

If  the  initial  design  of  the  slab  is  to  be  balanced  so 
that  the  stresses  are  approximately  the  same  in  all 
portions  of  the  slab,  then  it  is  necessary  to  reduce  the 
slab  length  to  about  10  feet.  In  order  to  have  a  bal- 
anced design  it  will  then  be  necessary  to  strengthen  the 
joint  edges  sufficiently  to  reduce  the  joint  stresses  from 
615,  525  and  430  pounds  per  square  inch,  as  shown  in 
table  16,  to  500,  425  and  350  pounds  per  square  inch, 
respectively,  the  maximum  values  of  the  edge  and 
interior  stresses  shown  in  table  15. 

Thus  far  the  discussion  has  been  confined  to  combined 
stresses  due  to  load  and  temperature  but  the  question 
of  the  edge  strengthening  at  joints  should  also  involve  a 
consideration  of  load  stresses  only,  since  maximum  load 
stresses  occur  much  more  frequently  than  do  maximum 
combined  stresses  due  to  load  and  temperature.  If  the 
average  load  stresses  at  transverse  joints  of  table  16 
(average  for  £=100  and  k  =  300)  are  compared  with  the 
average  interior  load  stresses  in  table  15  it  is  found  that 
the  load  stresses  at  the  edges  of  free  transverse  joints 
exceed  the  interior  load  stresses  by  105  to  140  pounds 
per  square  inch.  Thus  edge  strengthening  at  the  trans- 
verse joints  is  required  if  the  stresses  due  to  load  are 
not  to  be  more  severe  at  joints  than  at  the  interior  of  the 
slab. 

Still  another  reason  for  strengthening  the  edges  of 
transverse  joints  is  the  fact,  already  pointed  out,  that 
wheel  loads  may  be  expected  to  develop  higher  impact 
reactions  in  the  vicinity  of  transverse  joints  than  in 
other  portions  of  the  slab. 

The  discussion  that  has  been  presented  indicates 
quite  definitely  that,  when  the  interior  of  a  thickened- 
edge  slab  is  designed  to  resist  either  load  stresses  or 
combined  stresses  due  to  load  and  temperature,  ;i  con- 
dition of  relative  weakness  will  be  created  at  the  trans- 
verse joints  if  the  edges  of  the  joints  are  not 
strengthened. 

"When  pavement  slabs  of  uniform  thickness  are  ade- 
qua  tely  designed  to  resist  edge  stresses,  no  edge  strength- 
ening at  transverse  joints  or  cracks  is  necessary.  When 
the  thickened-edge  design  is  used  the  edges"  of  joints 
may  be  strengthened  by  methods  which  "will  lie  de- 
scribed later.  But,  when  a  transverse  crack  develops 
in  a  thickened-edge  pavement  that  is  not  reinforced 
there  is  developed  a  condition  of  weakness  lor  which 
there  is  no  remedy  and  which  may  eventually  lend  to 
complete  failure.     This  possibility  may  he  avoided  by 


proper  design  and  there  are  two  methods  of  design 
available.  The  first,  applicable  to  nonreinforced  pave- 
ments, requires  the  use  of  a  joint  spacing  of  the  general 
order  of  10  feet.  It  is  probable  that  the  expense  of 
edge  strengthening  for  so  many  joints  as  would  be  re- 
quired by  this  design  would  lead  to  the  abandonment 
of  the  thickened-edge  section  or  the  adoption  of  the 
second,  or  alternate,  method. 

The  second  method  is  to  use  properly  designed  steel 
reinforcement.  Reinforced  slabs  can  safely  be  made 
of  any  length  consistent  with  the  economical  use  of 
reinforcement  suitably  designed  to  prevent  the  forma- 
tion of  open  cracks.  If  the  design  of  the  reinforcement 
is  such  that  the  stresses  to  which  it  is  subjected  cause 
either  rupture  or  excessive  elongation  at  the  cracks 
which  inevitably  will  develop,  then  the  edge  weakness 
at  cracks  will  not  have  been  remedied.  However,  if 
the  reinforcement  is  adequate  to  hold  the  edges  of  the 
fractured  slab  in  close  contact,  the  crack  will  tend  to 
act  as  a.  hinged  joint  thereby  relieving  the  warping 
stresses  at  the  edge  and  interior;  and  the  interlocking 
of  the  irregular  surfaces  of  fracture  may  be  expected  to 
furnish  the  required  edge  strengthening  along  the 
crack. 

Longitudinal  and  lateral  expansion  and  contraction. — 
The  preceding  discussion  of  stresses  due  to  changes 
in  temperature  and  moisture  content  has  dealt  entirely 
with  warping  stresses  due  to  a  temperature  or  moisture 
gradient  between  the  top  and  bottom  of  the  slab.  It 
is  now  necessary  to  consider  general  increases  or  de- 
creases in  temperature  and  moisture  that  are  effective 
throughout  the  depth  of  the  slab  and  which  tend  to 
cause  corresponding  changes  in  its  horizontal  dimen- 
sions. 

If  the  slab  were  perfectly  free  to  move,  changes  in 
volume  would  take  place  without  restraint  and  no 
stress  would  be  created.  However,  the  subgrade  offers 
considerable  resistance  to  the  horizontal  movement  of 
the  slab.  If  the  slab  is  attempting  to  contract  as  the 
result  of  a  drop  in  temperature  or  a  lowering  of  the 
moisture  content,  the  subgrade  resistance  creates  ten- 
sile stress.  If  the  slab  is  attempting  to  expand,  the 
subgrade  resistance  creates  compressive  stress.  The 
magnitude  of  the  tensile  stress  is  dependent  on  the 
length  of  slab  that  is  free  to  contract  and  the  magnitude 
of  the  compressive  stress  is  dependent  on  the  distance 
between  free  expansion  joints. 

It  has  been  amply  demonstrated  by  experience  that, 
in  pavements  not  provided  with  transverse  joints,  both 
tensile  and  compressive  failures  develop.  The  tensile 
failures  are  evidenced  by  transverse  cracking  and  the 
compressive  failures  by  "blow-ups". 

COMPRESSIVE  FAILURES  DUE  PRIMARILY  TO  COLUMN  ACTION 

It  is  apparent  from  the  discussion  of  temperature 
warping  that  many  of  the  transverse  cracks  that  develop 
in  long  slabs  are  due  to  warping  stress  but  theoretical 
analysis  indicates  definitely  that  some  of  them  are  due 
to  contraction  of  the  slab  as  a  whole.  For  example, 
assume  a  pavement  slab  of  such  length  that  the  sub- 
grade  resistance  is  sufficient  to  prevent  any  movement 
of  the  slab  in  the  vicinity  of  its  mid-length.  If  the 
concrete  has  a  modulus  of  elasticity  of  5,000,000  pounds 
per  square  inch  ami  a  thermal  coefficient  of  0.000005  per 
degree  Fahrenheit,  a  drop  in  temperature  of  only  20°  F. 
will  create  a  tensile  stress  of  500  pounds  per  square 
inch,  which  exceeds  by  a  considerable  amount  the 
probable  tensile  strength  of  the  concrete. 
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In  the  same  slab  a  rise  in  temperature  as  great  as 
100°  F.  would  create  a  compressive  stress  of  only  2,500 
pounds  per  square  inch.  A  direct  compressive  stress 
of  this  magnitude  should  cause  no  distress  in  concrete 
of  the  quality  commonly  used  in  pavements.  Also, 
such  a  large  change  in  temperature  generally  can  be 
expected  to  take  place  only  over  a  relatively  long  period 
of  time  and  therefore  it  may  be  expected  that  the 
indicated  stress  will  be  reduced  somewhat  by  the  plastic 
flow  of  the  concrete.  However,  the  slab  undoubtedly 
acts  to  some  extent  as  a  long  column  and  its  ultimate 
strength  as  a  column  is  considerably  less  than  its  com- 
pressive strength  as  measured  by  tests  on  short  speci- 
mens. It  is  believed  that  compressive  failures  are  due 
primarily  to  column  action  rather  than  to  direct  com- 
pression and  observations  of  pavement  failures  support 
this  conclusion.  Also,  to  the  compressive  stress 
caused  by  a  rise  in  temperature  must  be  added  the 
unknown  stresses  caused  by  the  slow  "growth"  of  the 
slab  that  takes  place  over  long  periods  of  time.  This 
growth,  and  the  fact  that  changes  in  moisture  content 
probably  do  not  increase  compressive  stresses,  will  be 
discussed  later. 

Neither  the  magnitude  of  the  compressive  stress  that 
may  be  developed  in  a  long  slab  nor  the  stress  to  which 
it  may  safely  be  subjected  are  known.  It  is  probable 
that  both  are  variables  depending  on  conditions.  How- 
ever, it  is  definitely  known  from  experience  that  com- 
pressive failures  may  be  expected  in  long  slabs.  The 
fact  that  these  usually  do  not  occur  until  the  pave- 
ment is  several  years  old  is  an  indication  that  the  slow 
growth  of  the  concrete  with  age  is  a  contributing 
factor. 

All  the  facts  point  definitely  to  the  conclusion  that,  if 
failures  are  to  be  avoided,  joints  must  be  provided  in 
concrete  pavements  to  reduce  to  safe  values  the  stresses 
due  to  expansion  and  contraction. 

Spacing  and  width  of  expansion  joints. — Theoretically, 
the  spacing  of  expansion  joints  should  be  dependent  on 
the  allowable  compressive  stress  in  the  concrete  and  on 
the  maximum  compressive  stress  created  by  the  expan- 
sion of  the  slab.  However,  in  practice  the  maximum 
spacing  of  joints  is  influenced  primarily  by  the  desira- 
bility of  using  a  rather  narrow  joint  opening.  The 
practice  of  the  various  States  is  not  uniform  but,  in 


general,  expansion  joints  are  spaced  at  intervals  not 
greater  than  100  feet  and,  for  this  spacing,  joint  open- 
ings are  usually  either  %  inch  or  1  inch  wide. 

Open  transverse  cracks  may  be  expected  to  develop  in 
nonreinforced  slabs  of  this  length  and  usually  it  is  not 
considered  economical  to  provide  sufficient  longitudi- 
nal reinforcement  to  prevent  the  formation  of  such 
cracks.  Therefore,  it  is  customary  to  introduce  con- 
traction joints  at  intervals  between  the  expansion  joints 
and  it  is  convenient  to  make  the  spacing  of  expansion 
joints  some  multiple  of  the  spacing  of  contraction  joints. 

In  general  it  may  be  assumed  that  concrete  pave- 
ments will  be  built  during  periods  when  the  tempera- 
ture is  not  more  than  60°  F.  below  the  maximum  tem- 
perature to  be  expected.  In  concrete  of  the  character 
that  has  been  assumed,  a  rise  in  temperature  of  60°  F. 
will  cause  an  increase  of  approximately  38  inch  in  the 
length  of  a  slab  100  feet  long.  In  a  slab  of  this  length 
the  expansion  will  be  restrained  to  some  extent  by  the 
subgrade  resistance  and  cause  some  reduction,  prob- 
ably negligible,  in  this  computed  movement  of  the  slab 
ends.  Also  after  the  concrete  has  been  placed  there 
will  be  some  reduction  in  slab  length  as  a  result  of  con- 
traction due  to  moisture  loss.  Thus  it  might  be  con- 
cluded that  a  %-inch  joint  opening  would  be  more  than 
ample. 

However,  there  are  two  other  factors  that  have  an 
influence  on  the  required  joint  opening.  If  inter- 
mediate contraction  joints,  or  open  cracks  that  may 
have  developed,  are  not  maintained  in  such  a  manner 
as  to  exclude  all  foreign  material,  the  joints  or  cracks 
will  gradually  become  filled  with  incompressible  soil 
material.  This  action  operates  to  increase  the  length 
of  the  slab  and  results  in  a  reduction  in  the  effective 
width  of  the  expansion  joint. 

SUBGRADE    RESISTANCE    AFFECTS    SPACING    OF    CONTRACTION 
JOINTS 

Also,  in  arriving  at  a  decision  as  to  the  required  width 
of  joint  opening,  consideration  should  be  given  to  the 
gradual  increase  in  length,  or  "growth,"  of  the  slab  that 
takes  place  over  long  periods  of  time.  Figure  19  pre- 
sents data  obtained  in  the  Arlington  tests  showing  the 
annual  variations  in  pavement  length  caused  by  changes 
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other  than  temperature.  The  data  cover  the  period 
from  September  1930  to  February  1938.  The  graph 
indicates  that  there  is  an  annual  cyclic  variation  in 
length  caused  by  variations  in  moisture  content  and 
that  the  pavement  slabs  were  longest  (for  a  given  tem- 
perature) during  the  winter  and  shortest  during  the 
summer.  This  would  indicate  that,  in  climates  similar 
to  that  of  Washington,  D.  C,  the  compressive  stresses 
developed  by  high  summer  temperatures  may  be 
relieved  somewhat  by  contraction  due  to  loss  of  mois- 
ture and  that  the  same  action  may  result  in  some  slight 
reduction  in  the  width  of  joint  opening  theoretically 
required  to  provide  for  increase  in  slab  length  due  to 
increase  in  temperature. 

However,  figure  19  also  shows  that,  since  the  summer 
of  1932,  there  has  been  a  definite,  progressive  yearly 
increase  in  the  length  of  the  pavement.  In  the  summer 
of  1937  the  length  of  the  pavement  exceeded  its  length 
during  the  summer  of  1931  by  approximately  0.0002 
inch  per  inch.  It  is  not  known  how  long  this  growth 
will  continue  or  at  what  rate.  Neither  is  it  known  if 
the  same  degree  of  growth  would  take  place  in  other 
concrete  under  other  climatic  conditions.  However,  it 
is  known  that  all  concrete  has  a  tendency  to  increase 
permanently  in  volume  in  the  presence  of  moisture. 

The  permanent  increase  in  slab  length  that  has  taken 
place  in  the  Arlington  tests  in  a  period  of  0  years  amounts 
to  approximately  K  inch  per  100  feet.  The  sum  of  this 
increased  length  and  the  computed  expansion  due  to  a 
temperature  rise  of  60°  F.  equals  approximately  %  inch. 
This  indicates  rather  definitely  that  a  provision  for 
expansion  of  %  inch  per  100  feet  is  not  excessive.  It 
may  even  prove  to  be  inadequate,  particularly  in  view 
of  the  fact  that  a  certain  portion  of  the  joint  width  is 
frequently  occupied  by  incompressible  joint  filler. 

Subgrade  resistance. — The  required  spacing  of  trans- 
verse contraction  joints  in  concrete  pavements  is  de- 
pendent on  the  allowable  tensile  stress  in  the  pavement 
and  on  the  subgrade  resistance  which  prevents  its  free 
contraction. 

Included  in  the  investigations  by  the  Bureau  of  Pub- 
lic Roads  have  been  three  studies  undertaken  to  deter- 
mine the  probable  magnitude  of  the  resistance  offered 
by  the  subgrade  to  the  horizontal  movement  of  a  con- 
crete slab  (16,  38,  30).  In  all  these  investigations  slabs 
of  concrete,  cast  on  prepared  subgrades  of  various  char- 
acteristics, were  displaced  horizontally  over  small  dis- 
tances and  the  relation  between  the  horizontal  force 
required  to  produce  movement  and  the  weight  of  the 
slab  was  determined.  This  relation  is  known  as  the  co- 
efficient of  subgrade  resistance.  Of  necessity  the  slabs 
used  in  all  of  these  tests  were  of  relatively  small  size  as 
compared  with  pavement  slabs.  These  studies  have 
revealed  the  following  facts: 

1 .  The  coefficient  of  subgrade  resistance  is  not  a  con- 
stant but  increases  with  increasing  displacement  of  the 
slab  until  a  maximum  value  is  reached.  This  maximum 
corresponds  to  the  force  required  to  produce  free  sliding. 

2.  The  resistance  to  movement  on  a  very  wet  sub- 
grade,  which  is  not  frozen,  is  less  than  on  a  dry  or  damp 
subgrade. 

3.  The  resistance  is  much  greater  on  a  frozen  sub- 
grade  than  on  one  which  is  not. frozen.  This  fact  is 
probably  not  of  great  importance,  at  least  in  climates 
similar  to  that  of  Washington,  D.  C.  The  temperature 
observations  made  in  connection  with  the  Arlington 
tests  showed  relatively  small  changes  in  average  con- 
crete temperature  during  periods  of  cold  weather.  This 
suggests  that  the  movements  due  to  contraction  durin°* 


cold  periods  may  be  so  small  that  the  stresses  in  the 
pavement  will  not  be  increased  to  an  important  degree 
by  a  frozen  subgrade. 

4.  For  each  of  the  first  few  successive  applications  of 
a  given  horizontal  force,  in  repeated  tests  on  the  same 
slab,  there  is  a  reduction  in  the  coefficient  of  resistance 
until  an  approximately  constant  value  is  reached.  This 
indicates  that  the  subgrade  resistance  may  be  greater 
for  the  first  movement  of  a  newly  constructed  pavement 
than  it  is  at  later  ages  when  the  concrete  has  expanded 
and  contracted  a  number  of  times. 

5.  When  a  slab  is  subjected  to  a  horizontal  thrust- 
ing force  a  part  of  the  resistance  developed  is  due  to  the 
elastic  or  semielastic  action  of  the  soil.  If  the  thrust- 
ing force  is  removed,  even  after  a  considerable  period 
of  time,  there  is  a  partial  return  of  the  slab  to  its  original 
position. 

6.  The  thrusting  force  is  not  directly  proportional  to 
the  weight  of  the  slab  and  it  appears  that  this  is  due  to 
the  resistance  to  deformation  of  the  subgrade.  It  has 
been  concluded  (16)  that  the  subgrade  resistance  is 
composed  of  two  elements:  A  resistance  caused  by  the 
deformation  of  the  soil;  and  a  resistance  that  approxi- 
mates that  of  simple  sliding  friction.  While  data  are 
available  only  for  the  one  soil  involved  in  the  Arlington 
tests,  it  seems  probable  that  the  relative  magnitude 
of  the  two  components  of  the  subgrade  resistance  will 
vary  with  different  subgrade  soils. 

LIMITED    DATA    AVAILABLE   ON    RELATION    BETWEEN    THRUSTING 
FORCE  AND  SLAB  DISPLACEMENT 

In  tables  17  and  18  are  given  values  of  the  coefficient 
of  subgrade  resistance  obtained  in  the  first  investiga- 
tion by  the  Bureau  of  Public  Roads  (35)  and  in  the 
Arlington  tests  (16),  respectively.  Both  tables  show 
the  increase  in  the  coefficient  of  resistance  with  an 
increase  in  the  displacement  of  the  slab.  In  addition, 
table  18  shows  that,  because  of  the  resistance  of  the 
subgrade  to  deformation,  the  coefficient  is  not  directly 
proportional  to  the  weight  of  the  slab  but  increases 
as  the  thickness  of  slab  decreases. 

Table  17. — Coefficients  of  subgrade  resistance  for  concrete  slabs 
of  6-inch  thickness  on  various  kinds  of  bases  in  damp  but  firm 
condition  : 


Kind  of  base 

Coefficients  of  resistance  for  displace- 
ments of— 

0.001  inch 

0.01  inch 

0.05  inch 

Level  clav _. 

0.55 

.57 

.34 

.  69 

52 

i' 

1  84 

1.30 
1   29 

I  18 
1  24 

1  10  I 
.92 

1  78 

2.07 

Uneven  clav ..  . 

Loam 

2.07 
2.07 

Level  sand. 

1  38 

?i-inch  gravel . 

1  26 

34-inch  crushed  stone 

1  09 

3-inch  crushed  stone 

2.  18 

'  Data  from  table  1,  p.  20,  public  roads,  July  1924. 

Table   18.- — Coefficients  of  subgrade  resistance  for  concrete  slabs 
of  different  thicknesses  on  a  silt  loam  soil  (class  A- , 


Slab  thickness 

Coefficients  of  resistance  for  displacements  of — 

finches 

0.01  inch 

0.02  inch 

0.03  inch 

0.04  inch 

0.07  inch 

O.lOinch* 

8  

0.8 
.9 
1.  1 
1.3 

1.2 
1.3 

1.5 
1.7 

1.5 
1.6 

1.8 
2.1 

1.8 
2  0 
2.2 
2.5 

2.  1 
2  4 
.    - 
3.3 

2.2 

6 

4 

2 

2.5 
3.1 
3.5 

1  Data  from  table  3,  public  roads,  November  1935. 

*  Displacement  of  0.10  inch  corresponds  to  maximum  horizontal  resisting  force  that 
could  be  developed. 
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2-  INCH   SLAB  THICKNESS 
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8-  INCH    SLAB  THICKNESS 
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0.06 


0.08 


0.10 


Figure  20. 


-Comparison   of  Actual  and   Approximate   Curves  Showing  Relation   Between   Coefficient  of  Subgrade 

Resistance  and   Horizontal   Displacement. 


Stresses  due  to  contraction} — When  a  pavement  slab 
contracts,  the  total  forces  developed  by  the  resistance 
of  a  uniform  subgrade  will  be  equal  and  opposite  in 
each  half  of  the  slab  and  theoretically  no  movement  will 
take  place  at  the  center  line.  The  total  displacement 
due  to  contraction  then  increases  at  a  nearly  uniform 
rate  from  zero  at  the  center  line  to  a  maximum  at  the 
end  of  the  slab.  Since  the  subgrade  resistance  varies 
with  the  displacement  it  is  apparent  that  an  accurate 
analysis  of  slab  stress  should  take  account  of  the  sub- 
grade  resistance  corresponding  to  the  total  displacement 
of  each  increment  of  slab  length. 

Utilizing  the  data  obtained  in  the  tests  with  the 
6-inch  slab  of  table  18,  such  a  method  of  analysis  is 
illustrated  in  the  report  of  the  Arlington  tests  (16),  the 
stresses  being  those  due  to  an  assumed  change  in  tem- 
perature of  100°  F.  As  will  be  shown  later  this  tem- 
perature change  is  excessive  when  applied  to  the  compu- 
tation of  stresses  in  slabs  provided  with  joints  at 
reasonable  intervals  but  the  principles  of  the  analysis 
are  correct. 

'   An  exact  analysis  of  this  character  requires  (he  use 
of  test  data  showing  the  relation  between   thrusting 

s  The  original  manuscript  of  this  section  on  stresses  due  to  contraction  has  been 
completely  rewritten  as  a  result  of  suggestions  made  by  Mr.  R.  D.  Bradbury,  to 
whom  credit  is  due  for  the  development  of  the  method  for  computing  the  average 
value  of  the  coefficient  of  subgrade  resistance. 
168494—39 2 


force  and  slab  displacement  and  therefore  is  applicable 
only  when  such  data  are  available.  However,  if  it 
may  be  assumed  that  the  general  shape  of  the  force- 
displacement  curve  will  be  similar  under  all  conditions, 
then  a  simple  approximate  method  of  analysis  may  be 
developed  for  general  use.  The  available  data  are 
limited  and  it  is  recognized  that  the  relation  between 
thrusting  force  and  slab  displacement  may  he  different 
at  different  locations,  depending  largely  on  the  charac- 
ter of  the  subgrade  However,  the  approximate  method 
that  will  be  presented  gives  results  that  appear  to  be 
reasonable  and  it  is  believed  that  its  use  will  not  involve 
any  serious  errors. 

The  solid  curves  of  figure  20  show  the  force-displace- 
ment relation,  as  developed  in  the  Arlington  tests,  for 
slabs  of  four  thicknesses.  The  curves  are  the  same  as 
those  of  figure  20,  PUBLIC  ROADS,  November  1935. 
The  dotted  lines  represent  an  approximation  of  the 
actual  force-displacement  relation.  The  curved  por- 
tion of  each  dotted  line  is  a  parabola,  with  vertex  at 
the  origin,  passing  through  the  point  having  an.  ordi- 
nate equal  to  the  maximum  coefficient  of  subgrade  re- 
sistance which,  in  these  tests,  was  developed  at  a  dis- 
placement of  approximately  0.10  inch,  and  having  an 
abscissa  equal  to  a  displacement  of  0.06  inch.  In  com- 
parison with  these  test  results  the  approximate  force- 
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Figure  21. — Approximate  Variation  in  Value  of  the 
Coefficient  of  Subgrade  Resistance  From  the  Center 
to  the  End  of  a  Pavement  Slab. 

displacement  curves  are  conservative  since,  in  general, 
they  give  values  of  the  subgrade  coefficient  that  are 
greater  than  the  test  values. 

At  a  given  distance  from  the  center  of  a  pavement 
slab,  a  given  drop  in  temperature  will  result  in  a  cer- 
tain movement  due  to  contraction  and,  theoretically, 
the  subgrade  resistance  which  is  developed  should  be 
that  corresponding  to  this  movement.  At  the  center 
of  the  slab  the  movement  and  the  corresponding  resist- 
ance are  zero.  As  the  distance  from  the  center  of  the 
slab  is  gradually  increased  the  contraction  movement, 
due  to  a  given  drop  in  temperature,  and  the  corre- 
sponding coefficient  of  subgrade  resistance  are  also 
gradually  increased  until,  if  the  slab  is  long  enough,  a 
point  is  reached  at  which  the  subgrade  coefficient 
reaches  a  maximum  and  constant  value.  An  average 
value  of  this  variable  subgrade  coefficient  may  be 
determined  and,  for  the  computation  of  the  maximum 
contraction  stress  at  the  center  of  the  slab,  this  average 
value  may  be  considered  as  applied  over  the  entire 
length  of  slab. 

MAXIMUM  CONTRACTION  STRESSES  OCCUR  DURING  A  PERIOD  OF 
CONTINUOUSLY  FALLING  TEMPERATURE 

On  the  assumption  that  the  force-displacement  rela- 
tion is  as  shown  by  the  dotted  lines  of  figure  20,  figure 
21  shows  the  variation  in  the  value  of  the  coefficient 
of  subgrade  resistance  along  the  length  of  a  pavement 
slab.  In  this  figure,  A'  equals  the  distance  from  the 
center  of  the  slab  to  the  point  where  the  transition 
from  the  parabolic  variation  to  a  constant  value 
occurs.  Case  I  is  that  in  which  the  distance  A'  is 
less  than  half  the  slab  length  and  Case  II  is  that  in 
which  X  is  greater  than  half  the  slab  length. 

The  distance  X,  in  feet,  is  determined  by  the  equation 

'       127V- 
in  which 

JD=assume<l  minimum  displacement,  in  inches, 
at    which    the    maximum    value    of    the 
coefficient     of     subgrade     resistance     is 
developed  ; 
T=the  temperature  drop,  in  degrees  F.; 
c— thermal  coefficient  of  contraction  per  degree. 
D  has  already  been  assumed  as  0.00  inch  and 
if,    as   in    previous    examples,    c    is    assumed 
equal  to  0.000005,  then 


(22) 


v     1,000 

A  =  —j,      (feet) 


The  equations  for  the  average  value  of  the  coefficient 
of  subgrade  resistance  are  as  follows: 


Case  I,  X  less  than 


(n     (  "V      3L/- 


■  (23) 


Case  II,  X  greater  than 


_2C      / 


2X~ 


■(24) 


in  which 

Ca=average  value  of  the  coefficient  of  subgrade 

resistance ; 
(7m=maximum  value  of  the  coefficient  of  sub- 
grade  resistance; 
L=free  length  of  slab,  in  feet,  for  computation 
of  longitudinal  forces  and  free  width  of 
slab,  in  feet,  for  computation  of  trans- 
verse forces. 

With  respect  to  the  type  of  resistance  to  slab  move- 
ment that  is  offered  by  the  subgrade,  it  appears  that 
subgrades  may  be  divided  into  two  general  classes: 
those  which  have  some  elasticity,  such  as  the  subgrades 
involved  in  the  Arlington  tests,  and  those  which  have 
no  elasticity  as,  for  example,  sand. 

When  a  pavement  slab  on  a  partially  elastic  subgrade 
contracts  as  a  result  of  a  decrease  in  temperature,  the 
tensile  stress  that  is  created  may  be  considered  as 
being  developed  in  three  successive  increments.  The 
first  increment  of  stress  is  clue  to  the  resistance  of  the 
subgrade  to  elastic  deformation,  the  second  is  due  to 
the  resistance  to  inelastic  deformation,  and  the  third 
is  due  to  the  resistance  developed  by  sliding  friction. 
If  the  slab  displacement  is  small,  only  the  resistance  to 
elastic  deformation  may  be  developed,  but  large  dis- 
placements will  develop  all  three  increments  of  stress. 
If  the  subgrade  has  no  elasticity  the  stress  developed  is 
due  only  to  the  resistance  to  inelastic  deformation  and 
to  frictional  resistance. 

When  the  temperature  has  reached  a  minimum  the 
slab  ceases  to  shorten  and,  since  the  movement  ceases, 
the  stress  due  to  inelastic  deformation  and  frictional 
resistance  is  immediately  reduced  to  zero.  In  the 
case  of  the  semielastic  subgrade,  that  portion  of  the 
stress  caused  by  resistance  to  elastic  deformation 
remains  in  the  slab  until  it  is  relieved  by  expansion 
due  to  an  increase  in  temperature.  As  the  temperature 
gradually  increases  from  the  minimum,  the  tensile 
stress  created  by  the  resistance  to  elastic  deformation 
is  gradually  reduced  and  is  completely  relieved  when 
the  temperature  reaches  its  initial  level. 

If  the  temperature  does  not  return  to  its  initial  upper 
level,  a  residual  tensile  stress  remains  in  the  slab.  The 
total  stress  in  the  slab,  after  another  drop  in  tempera- 
ture equal  to  that  which  occurred  during  the  first  cycle, 
may  therefore  be  somewhat  greater  than  that  which 
was  developed  during  the  first  cycle.  Also,  if  the  slab 
length  is  such  that  large  changes  in  temperature  pro- 
duce small  displacements,  the  resistance  of  the  sub- 
grade  to  elastic  deformation  may  not  be  exceeded  until 
there  have  occurred  several  cycles  of  temperature 
change  during  which  the  level  of  the  minimum  tempera- 
ture has  decreased. 

It  is  apparent  from  this  discussion  that  the  maximum 
contraction  stress  in  a  pavement  slab  is  not  dependent 
on  the  annual  change  in  temperature.  Rather  it  is 
dependent  on  the  subgrade  resistance  that  can  be  de- 
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veloped  during  a  single  period  of  continuously  falling 
temperature  or,  at  most,  during  a  relatively  few  cycles 
of  temperature  change  in  which  the  general  level  of 
the  minimum  temperatures  is  decreasing.  Since  many 
subgrade  soils  are  not  elastic  and  since  the  degree  of 
elasticity  that  has  been  observed  is  rather  small,  it  is 
believed  that  the  changes  in  slab  temperature  that  take 
place  during  successive  cycles  are  of  considerably  less 
importance  than  the  drop  in  slab  temperature  which 
may  take  place  during  any  one  day. 

MAXIMUM  DAILY  RANGE  IN  AVERAGE  SLAB  TEMPERATURE 

ASSUMED  AS  40°  F. 

The  daily  change  in  average  slab  temperature  is 
dependent  on  the  daily  change  in  air  temperature  and 
the  relation  between  the  two  is  influenced  by  the  season 
of  the  year  and  by  the  particular  climatic  conditions 
that  happen  to  obtain  when  the  comparison  is  made. 

In  the  Arlington  tests  it  was  found  that,  in  general, 
the  maximum  daily  change  in  the  average  temperature 
of  the  slab  was  considerably  less  during  the  cold  months 
of  the  year  than  during  the  warm  months.  However, 
there  were  numerous  occasions  during  the  winter  when 
the_  daily  change  in  air  temperature  was  as  great  as 
during  the  summer.  Therefore,  the  lower  daily  change 
in  slab  temperature  during  the  winter  may  be  attrib- 
uted to  a  lesser  absorption  of  solar  heat,  since  during 
this  period  the  rays  of  the  sun  strike  the  pavement  at  a 
relatively  low  angle  of  incidence.  This  is  a  matter  of 
importance  when  the  attempt  is  made,  on  the  basis  of 
daily  changes  in  air  temperature,  to  establish  for  design 
purposes  the  maximum  daily  change  in  slab  tempera- 
ture. 

Unpublished  data  obtained  in  the  Arlington  tests 
during  the  period  from  April  to  September,  inclusive, 
on  a  number  of  selected  days  when  the  change  in  average 
slab  temperature  was  relatively  high,  show  that  the 
daily  change  in  the  average  temperature  of  a  6-inch 
slab  was  generally  less  than  the  daily  change  in  air 
temperature.  However,  in  a  number  of  cases  the 
difference  was  so  small  as  to  be  negligible  and  in  a  few 
cases  the  change  in  slab  temperature  exceeded  the 
change  in  air  temperature  by  as  much  as  5°  F.  The 
maximum  observed  daily  change  in  the  average  tem- 
perature of  a  6-inch  slab  was  32°  F.  on  a  day  when  the 
change  in  air  temperature  was  47°  F.  Very  little  infor- 
mation is  available  concerning  the  relation  between 
slab  temperature  and  air  temperature  in  slabs  having  a 
thickness  greater  than  6  inches.  Apparently  the  daily 
change  in  the  average  temperature  of  thick  slabs  is 
always  less  than  in  thin  ones  and  the  few  data  that  are 
available  from  the  Arlington  tests  indicate  that  the 
daily  range  in  average  temperature  in  a  9-inch  slab  is 
about  80  percent  of  that  in  a  6-inch  slab. 

In  table  19  are  given  the  maximum  ranges  in  air  tem- 
perature that  occurred  during  the  years  1936  to  1938, 
inclusive,  at  selected  cities  in  the  United  States.  Ex- 
cluding a  few  extremely  high  values  that  were  observed 
during  the  winter  months,  it  will  be  seen  that  a  maxi- 
mum daily  range  in  air  temperature  of  the  order  of  45°  F. 
is  of  rather  general  occurrence  except  along  the  Pacific 
Coast,_  in  some  of  the  southern  States,  and  in  certain 
areas  in  the  northeastern  States.  In  the  light  of  these 
data  and  the  preceding  discussion  it  is  concluded  that  it 
will  be  conservative  to  assume,  for  general  use  in  the 
United  States,  a  maximum  daily  range  in  average  slab 
temperature  of  40°  F.  and  that  the  climatic  conditions 
in  certain  areas  justify  the  use  of  a  somewhat  lower 
value. 


Table   19. — Greatest  daily  range  in.  air  temperature  fur  selected 
cities,  1986  to  19SS,  inclusive  ' 


City 


Seattle,  Wash 

Portland,  Oreg _ 

San  Francisco,  Calif 

Los  Angeles,  Calif 

Reno,  Nev 

Phoenix,  Ariz 

Salt  Lake  City,  Utah.... 

Helena,  Mont 

Bismarck,  N.  Dak 

Denver,  Colo 

Albuquerque,  N.  M«... 

Omaha,  Nebr 

St.  Louis,  Mo 

Chicago,  111 

Indianapolis,  Ind. 

Washington,  D.  C 

Rochester,  N.  Y 

Portland,  Maine 

Little  Rock,  Ark.. 

Atlanta,  Ga 

Houston,  Tex 

Mobile,  Ala 

Miami,  Fla 


Greatest  daily  temperature  range  for  year 


1930 

1937 

IMS 

°F. 

Month. 

°F. 

Month 

°F. 

Month 

31 

Aug. 

34 

Sept 

33 

Feb. 

37 

Apr.   ...   _ 

36 

May 

3(1 

Sept 

32 

Sept. -Oct. 

34 

Sept 

35 

Sept. 

39 

Oct 

32 

Oct 

31 

Aug.. 

11 

July-Aug.. 

45 

July 

42 

Sept    Oct 

42 

June-Oct- 
Nov. 

43 

May 

43 

Apr. 

40 

May 

44 

Aug.-Sept 

41 

July 

58 

Dee 

45 

Feb 

4H 

Her 

40 

Oct 

52 

Jan  

45 

Aug  . 

in. 

Feb 

4] 

Apr 

48 

Jan    .      ... 

47 

Apr 

45 

Apr. 

49 

Mar. 

ID 

Apr. 

44 

Oct 

40 

Feb  -Oct.. 

IN 

Jan      

II 

Jan      

45 

Jan . _ 

i; 

Apr 

39 

Apr 

39 

Apr. 

i'< 

Jan     

39 

Feb 

35 

Mar 

ii 

Mar..    ... 

45 

Apr  .  ... 

37 

May.     ... 

37 

May-June 

35 

Jan 

36 

Feb  ... 

12 

May 

:i0 

May. 

40 

Apr 

Id 

Apr 

38 

Jan 

37 

Jan  _    

11 

Apr 

12 

Sept. . 

37 

Mn 

II 

Nov. 

Hi 

Jan 

33 

Jan.    

31 

Feb-July- 
Oct.-Dec. 

32 

Mar 

34 

Nov 

25 

Mar.-Nov 

27 

Dec 

27 

Oct 

33 
36 

34 
34 
44 
43 

II 
511 
■I.-, 
50 
I, 
I,-, 
46 
42 
■II 
12 
36 
.Hi 
38 
41 
lis 
32 


1  Data  obtained  from  the  U.  S.  Weather  Bureau. 

Having  established  a  basis  for  computing  the  value  of 
the  average  coefficient  of  subgrade  resistance,  an  anal- 
ysis maybe  made  to  determine  the  maximum  contraction 
stress  in  a  pavement  slab. 

For  a  slab  without  reinforcement  the  maximum  con- 
I  i  action  stress  is  given  by  the  equation 


.(25) 


__WLCa 

'*— 24/T-- 
in  which 

<rs= tensile   stress    in    concrete   in    poimds    per 

square  inch; 
W=  weight  of  slab  in  pounds  per  square  foot; 
L  =  length  of  slab  in  feet; 
h= depth  of  slab  in  inches; 
Ca  =  average  value  of  the  coefficient  of  subgrade 
resistance  as  determined  by  equation  23 
or  equation  24. 
For  an  assumed  drop  in  average  slab  temperature  of 
40°  F.,  the  distance  X  as  determined  by  equation  22  is 
25  feet.     For  a  value  of  L=  100  feet  the  calculated  value 
of  Ca  (equation  23)  is  0.83  Cm.    In  table  18  the  maxi- 
mum  observed   value   of   the   coefficient   of   subgrade 
resistance,  Cm,  for  the  6-inch  slab  is  shown  to  be  2.5. 
Then  for  a  6-inch  slab  having  a  length  of  100  feet  and 
a  weight  of  75  pounds  per  square  foot, 


75X100X0.83X2.5 
24X6 


108  pounds  per  square  inch. 


CONSTRUCTION    PRACTICES   TO    REDUCE   SUBGRADE   RESISTANCE 
NOT  EFFECTIVE  IN  REDUCING  TRANSVERSE  CRACKING 

One  of  the  more  recent  investigations  of  the  tensile 
strength  of  concrete  (40)  indicates  that  concrete  of  the 
quality  used  in  pavements,  if  thoroughly  cured  for  a 
period  of  28  days,  may  be  expected  to  have  a  tensile 
strength  at  that  age  of  the  order  of  200  to  250  pounds 
per  square  inch.  When  the  computed  contraction 
stress  of  108  pounds  per  square  inch  in  a  slab  100  feet 
long  is  compared  with  a  probable  28-day  tensile  strength 
of  at  least  200  pounds  per  square  inch,  it  seems  very 
probable  that,  in  pavements  provided  with  transverse 
joints  at  reasonable  intervals,  any  transverse  cracking, 
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except  that  which  may  occur  at  very  early  ages,  must 
be  attributed  primarily  to  the  effect  of  warping  stresses. 

If  this  is  true,  it  follows  that  the  difference  in  degree 
of  cracking  that  is  observed  in  pavements  constructed 
with  different  aggregates  is  due  not  so  much  to  differ- 
ences in  the  strength  of  the  concrete  as  to  differences  in 
modulus  of  elasticity,  thermal  coefficient  of  expansion 
and,  possibly,  to  differences  in  thermal  conductivity 
that  may  affect  the  magnitude  of  the  temperature 
differentials. 

Some  evidence  of  this  is  found  in  the  records  of  the 
old  Ohio  Post  Road  which  was  constructed  in  1914  and 
1915  {41).  In  a  part  of  the  project  the.  concrete 
aggregate  was  gravel  and  in  the  remainder  it  was 
crushed  stone.  Samples  of  concrete  were  taken  from 
the  pavement  in  1932  and  the  compressive  and  flexural 
strengths  determined.  Both  the  gravel  concrete  and 
the  crushed-stone  concrete  had  compressive  strengths 
of  approximately  6,600  pounds  per  square  inch.  The 
modulus  of  rupture  of  the  specimens  of  gravel  concrete 
was  1,150  pounds  per  square  inch  and  that  of  the 
specimens  of  crushed-stone  concrete  was  1,030  pounds 
per  square  inch.  Yet,  in  a  given  length  of  pavement, 
the  transverse  cracks  in  the  gravel  concrete  were  much 
more  numerous  than  in  the  crushed-stone  concrete. 
Tests  made  in  recent  months  indicate  that  the  gravel 
concrete  has  a  higher  modulus  of  elasticity  and  higher 
thermal  coefficient  of  expansion  than  the  stone  con- 
crete. On  the  assumption  that  the  temperature  differ- 
ential is  the  same  in  both  kinds  of  concrete,  the  differ- 
ences in  the  values  of  modulus  of  elasticity  and  thermal 
coefficient  are  sufficient  to  account  for  warping  stresses 
25  percent  higher  in  the  gravel  concrete  than  in  the 
stone  concrete. 

In  the  light  of  the  foregoing  discussion  it  also  seems 
very  probable  that  any  special  construction  practices 
designed  to  reduce  the  subgrade  resistance,  and  thereby 
reduce  or  eliminate  transverse  cracking,  will  not  be 
particularly  effective  for  the  purpose.  Thelimited  exper- 
imental data  that  are  available  support  this  conclusion. 

Some  years  ago  it  was  observed  in  western  Iowa  that 
extensive  hair  clacking  developed  during  the  curing 
period  in  concrete  pavements  constructed  on  the  loess 
soils  that  are  prevalent  in  that  area  and  in  other  por- 
tions of  the  valleys  of  the  Missouri  and  Mississippi 
Rivers  (4%).  These  loess  soils,  unless  saturated,  are 
highly  water  absorbent.  The  hair  cracking,  which  is 
caused  by  contraction,  was  attributed  to  the  rapid 
drying  of  the  concrete  owing  to  excessive  water  absorp- 
tion by  the  subgrade  soil.  It  was  found  that  a  layer 
of  tar  paper,  placed  on  the  subgrade  before  the  placing 
of  the  concrete,  was  quite  effective  in  preventing  this 
excessive  loss  of  water  and  in  eliminating  the  formation 
of  hair  cracks. 

Since  the  development  of  the  tar-paper  subgrade 
treatment  in  Iowa  it  has  been  used  extensively  in  other 
States.  In  some  cases  it  has  been  used  rather  generally 
on  all  soils  without  regard  to  their  capacity  to  absorb 
water  from  the  concrete  and  apparently  this  practice, 
has  been  influenced  somewhat  by  the  belief  thai  I  he 
treatment  would  lower  the  subgrade  resistance  suffi- 
ciently to  have  a  beneficial  effect  in  the  reduction  of 
transverse  cracking. 

The  effect  of  the  tar-paper  treatment  was  studied  (o  a 
very  limited  extent  in  one  of  the  investigations  by  the 
Bureau  of  Public  Roads  (89).  This  investigation, 
made  primarily  to  study  methods  of  curing  concrete' 
involved  the  construction  of  a  number  of  long  concrete 


slabs.  Included  in  these  were  two  slabs,  each  6  inches 
deep,  2  feet  wide,  and  200  feet  long,  that  were  cured  in 
the  same  manner.  The  only  difference  between  them 
was  that  one  was  placed  on  a  dry  soil  and  the  other 
was  placed  on  tar  paper.  The  slabs  were  constructed 
during  the  summer  of  1926. 

In  connection  with  the  same  investigation  a  deter- 
mination was  made  of  the  effect  of  the  tar-paper  treat- 
ment on  subgrade  resistance.  It  was  found  that  for 
small  displacements  of  the  test  slabs  the  resistance  was 
about  the  same  for  a  slab  on  a  dry  subgrade  as  for  one 
on  tar  paper.  However,  for  displacements  of  the  order 
of  0.05  inch  it  was  found  that  the  resistance  developed 
by  the  dry  subgade  was  about  twice  that  which  was 
developed  with  the  tar-paper  treatment. 

In  spite  of  this  difference  in  subgrade  resistance  the 
200-foot  slab  on  the  dry  subgrade  contained  only  4 
transverse  cracks  at  the  age  of  5  days  while  at  the  age 
of  2  days  the  200-foot  slab  on  tar  paper  contained  6 
transverse  cracks.  A  survey  made  during  the  summer 
of  1938,  when  the  slabs  were  about  12  years  old,  showed 
11  cracks  in  the  slab  built  on  the  dry  subgrade  and  15 
cracks  in  the  slab  built  on  tar  paper. 

Thus,  while  the  tar-paper  treatment  of  the  subgrade 
is  undoubtedly  effective  for  the  purpose  for  which  it 
was  originally  used,  both  theory  and  experiment  point 
to  the  conclusion  that  it  has  no  merit  as  a  means  for 
preventing  the  transverse  cracking  of  pavements. 

STEEL    REINFORCEMENT    BENEFICIAL    IN    CONCRETE    PAVEMENT 

SLABS 

C7.se  of  steel  reinforcement. — It  has  been  pointed  out 
previously  that,  if  detrimental  cracking  is  to  be  pre- 
vented in  thickened-edge  pavements,  the  use  of  steel 
reinforcement  is  an  alternate  to  the  use  of  very  short 
slabs  with  edge  strengthening  at  all  transverse  joints. 
It  has  also  been  stated  that  in  slabs  of  uniform  thick- 
ness, adequately  designed  to  resist  edge  stresses,  no 
edge  strengthening  at  transverse  joints  or  cracks  is 
required.  While  this  is  true,  it  should  not  lead  to  the 
conclusion  that  it  will  necessarily  be  safe  to  build  long 
slabs  of  uniform  thickness  with  the  idea  that  the  forma- 
tion of  open  transverse  cracks  will  not  be  detrimental. 

In  New  Jersey  (43)  and  elsewhere  it  has  been  ob- 
served that,  even  when  the  edge  strength  at  transverse 
joints  is  adequate,  trouble  may  develop  at  the  joint 
from  other  causes  unless  the  two  slab  ends  are  con- 
nected in  such  manner  that  the  deflection  of  each  will 
be  approximately  equal  under  the  action  of  heavy  wheel 
loads.  In  the  absence  of  such  a  connection  between 
the  slab  ends  it  has  been  found  that,  under  certain 
conditions  of  soil  and  drainage,  the  end  of  the  slab 
which  is  on  the  side  of  the  joint  opposite  the  approach- 
ing wheel  load  is  gradually  forced  permanently  below 
the  level  of  the  adjacent  slab.  This  results  in  poor 
riding  quality,  increased  impact  reactions,  and  the 
eventual  development  of  pavement  failure  in  the  vicin- 
ity of  the  joint.  While  this  experience  does  not  appear 
to  be  universal,  it  suggests  that,  at  least  under  some 
conditions,  the  use  of  steel  reinforcement  in  long  slabs 
of  uniform  thickness  may  be  beneficial  in  preventing 
the  faulting  that  might  otherwise  develop  at  transverse 
cracks. 

Design  of  reinforcemmt. — For  a  reinforced  slab  the 
same  assumptions  that  are  used  in  the  derivation  of 
equation  25  leads  to  the  equation 


.4,= 


(26) 
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in  which  W  and  Ca  are  the  same  as  in  equation  25,  and 
X— distance  in  feet  between  free  joints  (spacing 
of  free  transverse  joints  for  computing 
longitudinal  steel,  and  spacing  of  free  longi- 
tudinal joints  for  computing  transverse 
steel) ; 
As=  effective   cross-sectional    area    of   steel    in 

square  inches  per  foot  of  slab  width; 
/s= allowable  unit  tensile  stress  in  the  reinforce- 
ment, in  pounds  per  square  inch. 

If  the  steel  reinforcement  is  to  maintain  in  a  tightly 
closed  condition  the  warping  cracks  that  will  develop, 
it  is  necessary  to  limit  its  elongation  at  cracks  to  a 
very  small  amount.  The  total  elongation  of  steel 
subjected  to  tensile  stress  is  dependent  on  the  length 
that  is  free  to  elongate.  The  reinforcement  in  a  con- 
crete pavement  initially  is  in  bond  with  the  concrete 
and,  when  a  crack  forms,  the  bond  is  destroyed  over  a 
certain  length  of  steel.  This  length  is  then  free  to 
elongate  under  the  stress  induced  by  the  subgrade  re- 
sistance. However,  the  length  over  which  the  bond 
is  destroyed  is  not  known  and,  therefore,  it  is  impossible 
to  compute  accurately  the  total  elongation  correspond- 
ing to  a  given  stress.  This,  in  turn,  makes  it  impossible 
to  determine  with  accuracy  the  maximum  allowable 
stress  in  the  steel  that  vvill  insure  the  maintenance  of 
tightly  closed  cracks. 

It  is  common  practice  to  base  the  design  of  steel 
members  on  an  allowable  unit  stress  which  is  consider- 
ably less  than  the  yield  point  of  the  steel.  This  is  to 
minimize  the  possibility  of  elastic  failure  due  to  the 
occurrence  of  unforeseen  stresses  greater  than  those 
used  in  design.  The  practice  is  a  logical  one  to  follow 
but,  in  the  case  of  slab  reinforcement,  the  maximum 
permissible  elongation  should  also  be  considered. 

Slab  reinforcement  should  be  designed  to  limit  the 
maximum  width  of  cracks  that  may  develop  to  a  small 
dimension.  But  the  crack  width  is  dependent  on  the 
elongation  of  a  certain  length  of  steel  and  this  elonga- 
tion is  in  turn  dependent,  not  on  the  strength  of  the 
steel,  but  on  its  modulus  of  elasticity  and  the  unit 
stress  to  which  it  is  subjected.  Since  all  grades  of  rein- 
forcing steel  have  approximately  the  same  modulus  of 
elasticity,  it  follows  that  the  elongation  in  a  given  length 
is  independent  of  the  grade  and  varies  only  with  the  unit 
stress.  Therefore,  in  the  determination  of  a  safe  allow- 
able unit  stress,  consideration  should  be  given  both  to 
the  yield  point  and  to  the  maximum  permissible  elonga- 
tion. However,  as  has  been  stated,  the  elongation  cor- 
responding to  a  given  unit  stress  cannot  be  determined 
because  the  length  of  reinforcement  that  is  free  to  elon- 
gate is  not  known.  In  addition,  nothing  definite  is 
known  concerning  the  maximum  width  of  crack  that 
can  be  permitted  without  the  development  of  edge 
weakness. 

In  view  of  these  considerations  the  best  that  can  be 
done,  until  more  information  becomes  available,  is  to 
select  maximum  allowable  unit  stresses  that  appear  to 
be  reasonably  conservative  when  considered  in  relation 
to  the  yield  point  of  the  steel.  Having  done  this,  it  is 
then  possible  to  compute  elongations  that  may  be 
developed  under  certain  assumed  conditions. 

SAMPLE  CALCULATION  OF  AMOUNT  OF  REINFORCEMENT  REQUIRED 
IN  A  PAVEMENT  SLAB 

The  standard  specifications  of  the  American  Society 
for  Testing  Materials  require  minimum  yield  points  in 
the  various  grades  of  reinforcing  steel,  as  follows: 


Pounds  per  square  inch 

Structural  grade 33,000 

Intermediate  grade 40,000 

Hard  grade  and  rail  steel 50,000 

Cold-drawn  steel  wire 56,000 

There  is  precedent  for  the  use  of  an  allowable  working 
unit  stress  in  steel  equal  to  50  percent  of  its  minimum 
allowable  yield  point  and  the  adoption  of  this  value  is 
suggested,  pending  the  development  of  the  information 
that  is  required  for  a  more  logical  determination.  In 
table  20  are  shown  computed  elongations  for  the  differ- 
ent grades  of  reinforcing  steel,  on  the  basis  of  this  sug- 
gested unit  stress,  for  assumed  lengths  of  free  elongation 
of  12,  18,  and  24  inches.  _ 

The  figures  of  table  20  indicate  that  if  the  steel  is  free 
to  elongate  over  a  length  as  great  as  24  inches,  the 
stresses  permitted  in  the  higher-strength  steels  are  likely 
to  result  in  the  formation  of  open  cracks  having  a  width 
as  great  as  0.02  inch.  On  the  other  hand,  the  elongation 
in  this  length  will  not  greatly  exceed  0.01  inch  for  a  unit 
stress  of  the  order  of  16,000  pounds  per  square  inch. 
The  data  from  the  Arlington  tests  give  some  indication 
that  an  opening  of  0.02  inch  may  result  in  some  reduc- 
tion in  edge  strength  at  a  crack  in  a  reinforced  slab  but 
the  evidence  i^  by  no  means  conclusive. 

Table  20. — Elongation  of  sled  reinforcement  ' 


Grade  of  steel 

Unit  stress 
50  percent  of 
yield  point 

Elongation  in  a  length  of— 

12  inches 

18  inches 

24  inches 

Structural 

Lb.per  sq.  in. 
16, 500 
20,000 
25, 000 
28,000 

Inches 

0.007 

.008 

.010 

.011 

Inches 

0.010 

.012 

.015 

.017 

Inches 
0.013 

.016 

.020 

.022 

1  Modulus  of  elasticity  of  steel=30,000,000  pounds  per  square  inch. 

Certainly  a  crack  opening  of  0.01  inch  is  less  likely  to 
create  edge  weakness  than  an  opening  of  0.02  inch,  but 
the  adoption  of  the  lower  limitation  would  require  the 
use  of  a  low  unit  stress  for  all  grades  of  steel.  This,  in 
turn,  would  require  the  use  of  much  greater  amounts  of 
steel  than  are  commonly  used  and,  since  the  necessity 
for  it  is  not  definitely  indicated,  the  adoption  of  the  low 
unit  stresses  would  hardly  be  justified  at  the  present 
time. 

It  will  now  be  of  interest  to  determine,  from  the  pre- 
ceding equations,  the  amount  of  reinforcement  required 
in  a  pavement  slab.  The  following  assumptions  will 
be  made.  The  pavement  is  20  feet  wide  with  a  longi- 
tudinal joint  with  bonded  tie  bars;  the  transverse 
joints  are  50  feet  apart;  the  slab  is  8  inches  thick  and 
weighs  100  pounds  per  square  foot;  the  maximum  drop 
in  temperature  is  40°  F.;  the  value  of  Cm  (table  18)  is 
2.2;  and  the  reinforcement  will  be  welded  wire  fabric 
with  an  allowable  unit  stress  of  28,000  pounds  per 
square  inch. 

X—25  feet,  and  for  the  stress  in  the  longitudinal 
direction  Ca,  as  determined  either  by  equation  23  or 
equation  24,  equals  0.67  Cm.  By  the  use  of  equation  26 
it  is  then  found  that  the  required  cross-sectional  area 
of  longitudinal  steel  is  0.132  square  inch  per  foot  of 
slab  width.  For  stress  in  the  transverse  direction 
L=20  and  Ca,  as  determined  by  equation  24,  equals 
0.42  Cm.  Then  the  required  cross-sectional  area  of  the 
transverse  steel,  as  determined  by  equation  26,  equals 
0.033  square  inch  per  foot  of  slab  width.  These_ re- 
quirements may  be  met  by   No.   3-gage  longitudinal 
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wires  on  4-inch  centers  (^4S=0.140)  and  No.  5-gage 
transverse  wires  on  12-inch  centers  (^s=0.034),  result- 
ing in  a  fabric  weighing  about  63  pounds  per  100  square 
feet.6  Similar  calculations  for  a  slab  30  feet  long  indi- 
cate that  wire  fabric  weighing  about  37  pounds  per  100 
square  feet  is  required. 

In  the  above  examples  the  transverse  steel  has  been 
designed  on  the  assumption  that  L=20  feet  which,  in 
turn,  involves  the  assumption  that  the  reinforcement 
is  continuous  through  the  longitudinal  joint.  This  is 
not  a  usual  condition  since  in  common  practice  tie 
bars  constitute  the  only  reinforcement  extending 
through  the  longitudinal  joint. 

When  tie  bars  are  used  and  the  transverse,  reinforce- 
ment is  interrupted  at  the  longitudinal  joint,  the  maxi- 
mum tensile  stress  in  the  transverse  steel  is  developed 
at  the  end  of  the  tie  bars  and  not  at  the  joint.  There- 
fore the  effective  value  of  L  is  less  than  the  width  of 
pavement  by  an  amount  equal  to  the  length  of  the  tie 
bars.  Since  this  is  the  case,  the  amount  of  transverse 
steel  computed  as  in  the  foregoing  examples  is  some- 
what excessive. 

Also,  since  longitudinal  cracks  in  slabs  10  feet  wide 
are  the  exception  rather  than  the  rule,  it  is  believed 
to  be  entirely  safe  to  reduce  the  transverse  reinforce- 
ment to  the  minimum  practicable  amount.  The  min- 
imum might  be  established  as  No.  6-gage wires  at  12-inch 
centers.  The  substitution  of  No.  6-gage  wire  for  the 
No.  5-gage  wire  would  reduce  the  weight  of  the  fabric 
by  a  little  less  than  2  pounds  per  100  square  feet. 

The  above  calculations  to  determine  the  required 
amount  of  reinforcement  are  for  purposes  of  illustra- 
tion only.  The  results  should  not  be  considered  as 
necessarily  applicable  to  all  conditions. 

Since  the  total  cost  of  transverse  joints  in  a  given 
length  of  pavement  increases  as  the  required  amount 
of  steel  reinforcement  decreases,  it  is  evident  that  the 
economical  design  of  reinforced  pavements  requires 
consideration  of  both  factors. 

JOINTS    NEEDED   TO    PREVENT    CRACKING    AND   TO    PROVIDE    FOR 
EXPANSION  AND  CONTRACTION 

Longitudinal  and  transverse  joints. — The  need  for 
longitudinal  and  transverse  joints  in  concrete  pave- 
ments is  demonstrated  both  by  theory  and  by  exten- 
sive experience.  Longitudinal  joints  which  divide  the 
slab  into  lanes  10  to  12  feet  in  width  are  required  to 
prevent  the  unsightly  and  detrimental  longitudinal 
cracks  that  otherwise  may  be  expected  to  develop. 
Transverse  expansion  joints  are  required  at  reasonable 
intervals,  consistent  with  a  rather  narrow  joint  open- 
ing, to  prevent  compressive  failures  or  blow-ups.  In 
nonreinforced  pavements,  intermediate  transverse  con- 
traction or  warping  joints  are  required  at  frequent  inter- 
vals if  cracks  due  to  warping  stresses  are  to  be  elimi- 
nated. In  reinforced  pavements  the  need  for  contrac- 
tion joints  is  dependent  on  the  spacing  of  expansion 
joints.  The  expansion  joints  may  be  placed  at  the  ends 
of  each  reinforced  slab,  in  which  case  no  other  trans- 
verse joints  are  required,  or  the  distance  between  ex- 
pansion joints  may  be  made  some  multiple  of  the  slab 
length  in  which  case  the  intermediate  joints  are  con- 
traction joints. 

Joints  of  numerous  types  and  design  are  in  use  but 
no  attempt  will  be  made  to  describe  all  of  them  here. 
The  discussion  will  be  confined  to  the  more  common 

•Gage  numbers  are  Umse  of  the  Standard  Specifications  for  Cold-Drawn  Slccl 
Wire  for  Concrete  Reinforcement  of  I  lie  American  Society  for  Testing  Materials 
Designation  Asl>  34. 


types  of  joints  that  were  investigated  in  the  Arlington 
tests.     These  are  shown  in  figure  22. 

The  devices  used  to  connect  adjoining  slabs  either  at 
transverse  or  longitudinal  joints  are  required  for  several 
purposes.  In  the  case  of  longitudinal  joints  in  the 
interior  of  thickened-edge  slabs  the  joint  edges  require 
strengthening  and  the  joint  designs  shown  in  figure 
22 — A,  B,  and  C  are  frequently  used  for  this  purpose. 
The  transverse  tie  bars  are  bonded  to  the  concrete  and 
are  required  to  prevent  the  separation  of  the  slabs  and 
the  consequent  loss  of  joint  efficiency.  The  butt  joint 
of  figure  22 — D  and  the  thickened-edge  joint  of  figure 
22 — E  are  suitable  only  for  the  so-called  lane-at-a-time 
construction  in  which  each  width  of  slab  is  constructed 
separately.  The  butt  joint  may  be  used  in  the  interior 
of  thickened-edge  slabs  in  which  case  the  bonded  tie 
bars  are  required  to  prevent  loss  of  joint  efficiency. 

The  longitudinal  butt  joint  of  figure  22 — D  may  also 
be  used  in  slabs  of  uniform  thickness.  In  this  case, 
and  also  in  the  case  of  the  longitudinal  thickened-edge 
joint  of  figure  22 — E,  the  tie  bars  are  not  required  for 
the  purpose  of  edge  strengthening  but  they  are  needed 
to  prevent  the  separation  of  the  slabs  and  the  develop- 
ment of  an  unsightly  appearance.  The  tarred  felt 
shown  in  the  butt  and  thickened-edge  longitudinal 
joints  is  desirable  to  prevent  any  bond  between  the 
concrete  in  adjacent  slabs  and  also  to  provide  the  play 
in  the  joint  needed  to  relieve  warping  stresses. 

All  of  the  transverse  expansion  and  contraction  joints 
of  figure  22,  with  the  exception  of  the  thickened-edge 
joint  (fig.  22-G),  when  used  in  thickened-edge  slabs 
require  the  use  of  dowels  or  other  devices  for  the  purpose 
of  edge  strengthening.  When  these  joints  are  used  in 
pavements  of  uniform  thickness,  or  when  the  thickened- 
edge  joint  is  used,  the  dowels  are  not  needed  for  edge 
strengthening  but.  as  has  already  been  indicated,  they 
may  be  needed  under  certain  conditions  to  prevent  the 
development  of  faults  at  the  joints. 

Provision  for  slab  movement  must  be  made  in  trans- 
verse joints  and,  in  order  that  the  dowels  may  be  free 
to  move,  it  is  necessary  to  prevent  the  formation  of  a 
bond  between  the  dowels  and  the  concrete  at  least  on 
one  side  of  the  joint.  This  is  usually  accomplished  by 
painting  or  greasing  the  dowels,  or  both.  Also,  in 
expansion  joints,  caps  or  sleeves  are  required  on  one 
end  of  each  dowel  in  order  to  provide  space  for  the 
movement  of  the  dowel  into  the  slab  when  the  joint 
closes.  These  dowel  caps  are  not  required  in  contraction 
joints. 

IDEAL  LONGITUDINAL  JOINT  WOULD  ACT  AS  A  HINGE 

Design  of  tie  bars. — The  purpose  of  tie  bars  is  to  hold 
the  edges  of  longitudinal  joints  in  close  contact  and 
they  may  be  designed  in  the  same  manner  as  steel 
reinforcement.  For  example,  in  a  two-lane  pavement 
the  tie  bars  may  be  designed  by  means  of  equation  26 
in  which  L  is  taken  as  the  width  of  pavement.  If 
intermediate  grade  bars,  with  an  allowable  unit  stress 
of  20,000  pounds  per  square  inch,  are  used  in  the  center 
joint  of  the  8-inch  iiniform  thickness  slab  for  which  the 
steel  reinforcement  has  already  been  designed,  the 
required  area  of  steel  is  found  to  be  0.046  square  inch 
per  foot  of  joint.  This  requirement  may  be  met  by 
%-inch  round  bars  spaced  51  inches  apart. 

It  should  be  noted  that  tie  bars  designed  in  this  man- 
ner are  intended  only  to  hold  the  edges  of  the  joint  in 
close  contact  and  they  may  not  be  adequate  in  all 
cases  to  furnish  the  edge  strengthening  that  is  required 
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Figure  22. — Types  of  Joints  for  Concrete  Pavements. 


in  the  longitudinal  joints  of  thickened-edge  slabs.  As 
will  be  shown  later,  the  Arlington  tests  indicate  that 
longitudinal  tongue-and-groove  joints,  provided  with 
K-inch  round  tie  bars  spaced  60  inches  apart,  are  quite 
effective  in  furnishing  the  necessary  edge  strengthening 
but  that  in  longitudinal  joints  of  the  butt  and  dummy 
types  it  would  be  desirable  to  increase  the  size  and 
number  of  the  bars. 

Tbe  depth  of  embedment  of  the  tie  bars  in  each  slab 
should  be  sufficient  to  develop  their  strength  in  bond. 
The  depth  of  embedment  required  to  accomplish  this 
is  dependent  on  the  allowable  unit  tensile  stress  in  the 
steel  and  the  allowable  unit  bond  stress,  and  may  be 
expressed  by  the  equation. 

D=& (27) 

in  which 

D= depth  of  embedment  in  inches; 

/s  =  allowable  unit  tensile  stress  in  the  steel,  in 

pounds  per  square  inch; 
u  =  allowable  unit   bond   stress  in   pounds   per 

square  inch ; 
d= diameter  of  a  round  bar,  or  side  of  a  square 
bar,  in  inches. 

The  1937  Progress  Report  of  the  Joint  Committee  on 
Standard  Specifications  for  Concrete  and  Reinforced 
Concrete  recommends  for  plain  bars  a  unit  bond  stress 
equal  to  4  percent  of  the  ultimate  compressive  strength 
of  the  concrete  but  not  to  exceed  160  pounds  per  square 


inch,  and  for  deformed  bars  a  umt  bond  stress  equal  to 
5  percent  of  the  ultimate  compressive  strength  of  the 
concrete  but  not  to  exceed  200  pounds  per  square  inch. 

For  intermediate  grade  steel  with  an  allowable  unit 
stress  of  20,000  pounds  per  square  inch  the  required 
depths  of  embedment  for  the  maximum  bond  stresses  of 
160  and  200  pounds  per  square  inch  are,  respectively,  31  % 
diameters  for  plain  liars  and  25  diameters  for  deformed 
bars.  If  deformed  bars  are  used,  the  maximum  bond 
stress  of  200  pounds  per  square  inch  would  require  the 
total  length  of  a  Jo-inch  round  tie  bar  to  bo  25  inches.  A 
lower  permissible  unit  bond  stress  or  a  higher  permis- 
sible unit  stress  in  the  steel  would  require  the  use  of 
longer  bars. 

The  above  method  for  designing  tie  bars  is  predi- 
cated on  the  assumption  that  the  joint  is  of  a  type  that 
will  act  as  a  hinge  and  will  be  incapable  of  developing 
any  appreciable  resistance  to  warping.  If  the  design 
is  such  as  to  permit  resisting  moments  to  develop  din- 
ing warping  it  is  not  possible  to  calculate  the  stresses  in 
the  tie  bars  and  even  if  it  were  practicable  to  do  so  it 
would  not  be  desirable,  in  a  joint  offering  high  restraint 
to  warping,  to  introduce  sufficient  steel  to  take  the 
warping  stresses  since  this  would  invite  failure  in  other 
portions  of  the  slab.  The  ideal  longitudinal  joint  that 
acts  wholly  as  a  hinge  has  not  yet  been  developed  but 
by  proper  attention  to  the  details  of  design  it  is  possible 
to  effect  some  reduction  in  the  warping  stresses  that 
are  caused  by  restraint  in  the  joint. 

In  longitudinal   joints  that  contain  bonded   tie  bars 
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the  use  of  a  design  that  does  not  permit  the  develop- 
ment of  large  resisting  moments  is  desirable  not  only 
to  reduce  transverse  warping  stresses  in  the  pavement 
as  a  whole,  but  also  to  reduce  compressive  stresses  in  the 
concrete  at  the  joint  and  to  prevent  the  tie  bars  from 
being  overs  tressed  in  tension. 

If  restraint  to  warping  is  to  be  reduced  it  is  necessary 
to  prevent  the  abutting  faces  of  the  joint  from  being 
brought  into  close  contact  during  warping,  particu- 
larly at  the  top  and  bottom  of  the  joint.  In  the  butt 
joints  of  figure  22-D  and  E  this  may  be  accomplished 
by  the  introduction  of  a  compressible  layer  of  filler 
material  between  the  slab  edges. 

The  use  of  filler  material  throughout  the  depth  of  the 
joint  would  not  be  practicable  in  the  dummy  joint  of 
figure  22-C.  In  this  joint  the  resistance  to  downward 
warping  is  reduced  by  the  groove  in  the  top  of  the  slab 
and  it  would  appear  that  the  most  practical  way  to 
reduce  the  resistance  to  upward  warping  would  be  to 
form  a  similar  groove  in  the  bottom  of  the  slab. 

In  the  tongue-and-groove  joints  of  figure  22-A  and 
B  the  use  of  a  compressible  filler  for  the  full  depth  of 
joint  would  be  undesirable  since  it  would  reduce  the 
ability  of  the  joint  to  transfer  load  and  to  reduce  edge 
stresses.  However,  strips  of  filler  fastened  to  the  verti- 
cal portions  of  the  steel  partition  plates  should  be  quite 
effective  in  reducing  joint  restraint  without  greatly 
reducing  joint  efficiency. 

Even  under  the  most  favorable  conditions  it  does  not 
appear  probable  that  restraint  to  warping  will  be  com- 
pletely eliminated  in  any  of  the  types  of  longitudinal 
joints  now  in  use  and  this  should  be  taken  into  account 
in  determining  the  length  of  tie  bars.  When  warping 
takes  place  in  a  pavement  it  causes  rotation  of  the  joint 
faces,  and  when  the  rotation  is  sufficient  to  bring  the 
faces  into  tight  contact  it  develops  compression  in  the 
concrete  and  causes  the  slab  edges  to  separate  at  the 
plane  of  the  steel.  The  tensile  stress  developed  in  the 
steel  for  a  given  separation  of  the  joint  faces  is  entirely 
dependent  on  the  length  of  steel  that  is  free  to  elongate. 

EFFICIENCY  OF  JOINTS  DISCUSSED 

When  a  tie  bar  is  in  bond  a  very  small  rotational 
movement  in  the  joint  may  create  a  very  high  initial 
stress  in  the  steel.  This  may  be  expected  to  result  in 
a  necking  down  of  the  steel  until  it  is  ruptured  or  until 
the  bond  is  destroyed  over  a  suficient  length  to  permit 
the  bar  to  elongate  the  required  amount  without  rup- 
ture. It  has  been  observed  in  pavements  that  this 
destruction  of  the  bond  actually  takes  place  for  a  dis- 
tance of  several  inches  on  each  side  of  the  joint.  As  a 
result  Friberg  7  has  suggested  that  the  midsection  of  tie 
bars,  for  a  distance  of  several  inches  on  each  side  of  the 
joint,  be  coated  with  bitumen  definitely  to  break  the 
bond  and  also  to  furnish  protection  against  corrosion. 

Even  if  no  definite  provision  is  made  for  breaking 
the  bond  in  the  midsection  of  the  bar  it  appears  very 
probable  that  the  bond  will  be  destroyed  over  some 
unknown  length  by  high  stresses  produced  by  warping. 
Therefore  it  appears  desirable  to  make  some  arbitrary 
increase  in  the  theoretical  length  of  tie  bars  as  com- 
puted by  equation  27.  An  additional  depth  of  em- 
bedment of  at  least  6  inches  on  each  side  of  the  joint 
or  an  increase  of  not  less  than  1  foot  in  the  total  length 
of  the  bar,  is  suggested. 

Efficiency  oj  joints. — The  efficiency  of  any  joint 
device  used  for  edge  strengthening  is  dependent  on  the 
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degree  to  which  it  reduces  the  edge  stresses  that  would 
otherwise  be  developed.  In  the  past  it  has  frequently 
been  assumed  that  the  relation  between  observed 
maximum  deflections  of  adjacent  slab  ends  under  load 
could  be  taken  as  a  measure  of  joint  efficiency  and  that 
when  these  deflections  were  equal  the  joint  was  100 
percent  efficient. 

The  Arlington  tests  (18)  have  shown  that  this  as- 
sumption is  incorrect.  It  was  found,  when  a  load  was 
applied  on  one  side  of  a  joint,  that  the  maximum  deflec- 
tions of  the  two  edges  might  be  identical  but  that  the 
maximum  stress  in  the  loaded  edge  might  be  more  than 
twice  as  great  as  that  in  the  unloaded  edge.  As  a 
result,  the  efficiencies  of  the  joints  involved  in  the 
Arlington  tests  were  determined  by  a  more  logical 
method  of  analysis. 

This  analysis  is  based  on  the  conception  that  if  the 
joint  fulfills  its  function  perfectly,  that  is,  with  an 
efficiency  of  100  percent,  the  stresses  at  the  joint  will 
not  be  greater  than  if  the  continuity  of  the  slab  were 
not  broken.  The  efficiency  of  a  given  joint  may  then 
be  expressed  by  the  equation 

j=100(Zi=^i) (28) 

in  which 

J=  joint  efficiency  in  percent; 
<rc  <jj,  and  o-j  are  the  critical  stresses  due  to  the 
application  of  a  given  load  at  the  free  edge,  the 
joint  edge,  and  the  interior,  respectively,  of  a 
slab  of  given  uniform  thickness. 

This  equation  indicates  a  joint  efficiency  of  zero  when 
the  critical  stress  at  the  joint  equals  the  critical  edge 
stress  and  an  efficiency  of  100  percent  when  the  joint 
stress  equals  the  interior  stress. 

Design  of  dowels. — The  first  theoretical  analysis  of 
the  required  spacing  of  dowel  bars  was  that  of  Wester- 
gaard  (44)-  This  analysis  enables  one  to  compute  the 
effect  of  dowel  spacing  on  the  critical  stress  in  the  edge  of 
a  joint,,  when  the  load  is  applied  midway  between  two 
dowels,  on  the  assumption  that  only  the  four  dowels 
nearest  the  load  are  sufficiently  active  to  require  con- 
sideration and  on  the  further  assumption  that  the 
dowels  are  sufficiently  stiff  to  cause  the  two  joint  edges 
to  deflect  exactly  the  same  amount  at  all  points.  On 
the  basis  of  his  analysis  Westergaard  concluded  that  a 
dowel  spacing  of  3  feet  is  too  great  to  result  in  any 
significant  reduction  in  the  critical  edge  stress  and  that, 
if  the  dowels  are  to  be  effective  for  the  purpose,  the 
spacing  should  not  exceed  about  2  feet. 

A  more  detailed  study  of  dowel  spacing,  on  the  basis 
of  the  Westergaard  analysis,  is  included  in  the  report 
of  the  Arlington  tests  (18).  This  study  indicated  that 
if  rigid  dowels  are  to  effect  the  same  stress  reduction 
that  would  be  effected  by  slab  continuity,  the  spacing 
must  be  considerably  less  than  2  feet. 

In  considering  these  indications  it  should  be  remem- 
bered that  they  are  based  on  the  assumption  that  the 
dowels  are  rigid.  Therefore  they  cannot  apply  to  the 
small  roimd  dowels  commonly  used,  except  as  they 
may  indicate  general  trends.  Also  it  may  be  noted 
that,  while  increasing  the  stiffness  of  dowels  will 
increase  their  efficiency,  it  will  at  the  same  time  increase 
restraint  to  longitudinal  warping.  Dowels  that  are 
too  stiff  may  cause  more  distress  in  the  pavement  slab 
than  would  result  from  their  complete  omission. 

The  analysis  and  tests  by  Friberg  (45,  46),  which  have 
become  available  only  in  recent  months,  make  it 
possible  for  the  first  time  to  design  dowelled  joints  on  a 
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rational  basis.  The  analysis  shows  that  a  maximum 
joint  efficiency  can  be  obtained  with  round  steel  dowels  of 
reasonable  size  only  by  using  much  smaller  spacings 
than  those  indicated  by  the  Westergaard  analysis. 

DOWEL  LENGTH  OF  2  FEET  FOUND  EXCESSIVE 

The  analysis  and  tests  by  Friberg  show  that: 

1.  The  lowest  joint  efficiency  occurs  when  the  load  is 
between  two  dowels. 

2.  If  the  dowels  are  to  have  their  greatest  effective- 
ness in  slabs  of  normal  thickness  the  dowel  spacing 
should  not  exceed  about  12  inches. 

3.  The  efficiency  of  the  dowel  decreases  as  the  width 
of  the  joint  is  increased  and  increases  as  the  diameter 
of  the  dowel  is  increased.  For  example,  Friberg  has 
shown  that  for  a  dowel  directly  under  a  load  the  per- 
centage of  load  transfer  of  a  1-inch  dowel  across  a 
joint  in  a  7-inch  slab  is  29  percent  for  a  %-inch  joint  and 
25  percent  for  a  1-inch  joint;  and  that  for  a  }-J-inch  joint 
the  load  transfer  of  a  %-incb.  dowel  is  22  percent  as  com- 
pared with  29  percent  for  a  1-inch  dowel. 

On  the  assumption  that  the  effectiveness  of  the  dowel 
is  such  that  it  will  result  in  a  stress  relief  of  25  percent 
it  is  of  interest  to  compute  the  efficiency  of  a  dowelled 
joint  in  a  7-inch  slab.  For  the  8,000-pound  wheel  on 
dual  high-pressure  tires  that  has  been  used  in  previous 
stress  computations,  the  same  assumed  characteristics 
of  the  concrete  and  a  value  of  £=100,  the  interior  load 
stress  in  a  7-inch  slab  is  290  pounds  per  square  inch  and 
the  edge  stress  at  a  transverse  joint  (equation  15)  is 
490  pounds  per  square  inch.  By  means  of  equation 
28  it  is  found  that  the  joint  efficiency  equals 
1An  /490-0.75X490\  ri 
100  ( 49Q_290 — /  or  61  Percent- 

4.  The  length  of  effective  embedment  of  the  dowel  in 
the  concrete  of  each  slab  need  not  be  greater  than  5 
inches  for  %-inch  dowels  and  not  greater  than  7  inches 
for  1-inch  dowels.  Thus  it  is  indicated  that  the  dowel 
length  of  2  feet,  that  has  been  customary,  is  excessive. 
It  is  important  to  note  that  when  these  short  lengths  of 
embedment  are  used  the  length  of  dowel  cap  and  the 
width  of  joint  opening  should  be  considered  in  deter- 
mining the  required  length  of  dowel. 

5.  Initial  failure  at  dowels  occurs  by  spalling  of  the 
concrete  at  the  face  of  the  joint  under  loads  that  may 
be  as  much  as  50  percent  less  than  the  ultimate  load 
sustained  by  the  joint.  This  initial  failure  greatly 
reduces,  if  it  does  not  completely  destroy,  the  effective- 
ness of  the  dowels  for  stress  relief. 

Required  efficiency  of  joints  and  load  transfer  </<  vict  s. 
Theoretically,  even  with  very  stiff  dowels,  the  maximum 
amount  of  load  transfer  at  a  joint  can  never  equal  ex- 
actly 50  percent  of  the  load  applied  on  one  side  of  the 
joint,  on  account  of  the  eccentricity  of  the  point  of 
load  application  with  respect  to  the  joint.  The  un- 
avoidable, and  also  desirable,  flexibility  of  the  joint 
device  further  reduces  the  possibility  of  ever  obtaining 
at  a  joint  a  stress  reduction  of  50  percent.  However, 
such  a  reduction  is  not  necessarily  required  in  order  to 
obtain  a  joint  efficiency  of  100  percent  nor  is  a  joint 
efficiency  of  100  percent  always  required  in  order  to 
limit  joint  stresses  to  safe  values. 

In  the  preceding  example  it  has  been  shown  that,  for 
the  conditions  assumed,  a  stress  reduction  of  25  per- 
cent results  in  a  joint  efficiency  of  61  percent.  In  this 
example  the  interior  and  edge  stresses  are,  respectively, 
290  and  490  pounds  per  square  inch.  If  it  be  assumed 
that  a  safe  unit  stress  is  350  pounds  per  square  inch, 
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then  the  required  joint  efficiency  equals  100 

or  70  percent.     This   joint  efficiency  would  require  a 

140 
stress  reduction  of  100X==>  or  about  29  percent. 

The  preceding  computations  of  joint  efficiency  have 
involved  (inly  stresses  due  to  load.  In  the  following 
examples  the  combined  stresses  due  to  load  and  tem- 
perature warping  will  be  considered.  It  will  be  as- 
sumed that  the  slab  is  10  feet  wide  and  10  feet  long, 
that  £=100,  and  that  the  load,  the  temperature  differ- 
ential, and  the  properties  of  the  concrete  are  the  same 
as  in  preceding  stress  calculations. 

JOINT  EFFICIENCY  OF  100  PERCENT  NOT  REQUIRED  FOR  SAFE 
STRESSES 

In  a  thickened-edge  slab  having  an  interior  thickness 
of  7  inches  the  load  stresses  at  the  interior  and  at  the 
joint  edge  (equation  9)  are,  respectively,  290  and  420 
pounds  per  square  inch.  The  interior  and  edge  warp- 
ing stresses  are,  respectively,  90  and  70  pounds  per 
square  inch.  The  combined  stresses  are  then  380 
pounds  per  square  inch  at  the  interior  and  490  pounds 
per  square  inch  at  the  edge.  The  joint  efficiency  will 
be  computed  on  the  assumption  that  the  joint  device 
used  results  in  a  stress  reduction  at  the  joint  of  25  per- 
cent. No  joint  device  can  be  expected  to  reduce  the 
transverse  warping  stresses  and  therefore  the  stress 
reduction  applies  only  to  load  stress.  Reducing  by 
25  percent  the  load  stress  of  420  pounds  per  square  inch 
and  adding  to  this  the  warping  stress  of  70  pounds  per 
square  inch  gives  a  value  of  the  combined  stress,  a,, 
equal  to  385  pounds  per  square  inch.  The  joint  ef- 
ficiency   then    equals    100  ( jQn_Qon )'  or    aDOut    ^,r> 

percent. 

It  has  been  shown  in  table  15  that  if  the  slab  length 
is  10  feet  the  combined  stresses  at  the  edge  and  interior 
of  a  10-6.8-10-inch  thickened-edge  slab  are  well  bal- 
anced and  are  limited  to  approximately  425  pounds  per 
square  inch.  With  £=100  the  combined  interior  stress 
in  this  slab  is  390  pounds  per  square  inch  and  the 
combined  stress  at  the  edge  of  a  free  transverse  joint 
(table  16)  is  520  pounds  per  square  inch.  If  it  is 
desired  to  limit  the  combined  edge  stress  to  425 
pounds  per  square  inch,  the  required  joint  efficiency  is 

100(Po^tfoO'  or  73  Percent-     The  load  stl'ess  at  the 

joint  edge  is  440  pounds  per  square  inch  and  therefore 

95 
the  reduction  in  load  stress  equals  IOOXttq,  or  about  22 

percent.     On  the  other  hand,  if  it  were  desired  to  have 

a  joint  of  100  percent  efficiency  it  would  be  necessary 

to  reduce  the  edge  stress  from  520  pounds  per  square 

inch  to  390  pounds  per  square  inch.     In  this  case  the 

required  reduction  in  load  stress,  or  transfer  of  load, 

130 
equals  100X— ^,  or  about  30  percent. 

Thus  it  is  seen  that  a  load  transfer,  or  stress  reducl  ion 
of  50  percent  is  not  necessarily  required  in  order  to 
obtain  a  joint  efficiency  of  100  percent  and  that  a  joint 
efficiency  of  100  percent  is  not  necessarily  required  in 
order  to  limit  to  safe  values  the  stresses  in  the  joint  edge. 

Tests  of  joint  efficiency. — In  connection  with  the 
Arlington  tests  (18)  a  great  many  tests  were  made  on 
the  types  of  joints  included  in  the  investigation  to  de- 
termine their  effectiveness  in  reducing  edge  stresses  due 
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to  load.  The  results  are  summarized  in  tables  21  and 
22,  the  reported  efficiencies  having  been  computed  by 
equation  28. 

With  respect  to  the  longitudinal  joints  it  may  be 
noted  that  the  measured  efficiencies  of  the  two  tongue- 
and-groove  joints  containing  bonded  tie  bars  were  rela- 
tively high  even  though  the  tie  bars  were  only  one-half 
inch  in  diameter,  and  were  spaced  5  feet  apart.  It  may 
also  be  noted  that  the  omission  of  tie  bars  from  a 
tongue-and-groove  joint  reduced  its  efficiency  by  about 
one-third. 


Table   21. 


-Observed    efficiency    of   longitudinal    joints     {average 
values  for  tests  at  a  number  of  points)  ' 


Type  of  joint 

Designation 
in  fig.  22 

Spacing  of 
tie  bars  > 

Diameter 

of  bars 

Joint  effi- 
ciency 

Triangular  tongue 

A 

B 

Inches 
60 
60 

None 
24 
36 
48 
60 
60 

None 

I  iic  hex 

H 

K 

M 
'A 

', 

Percent 

75 

Rectangular  tongue .  

78 

Do 

50 

Butt 

D 
D 
D 
D 
C 

52 

Do 

42 

Do 

Do 

Dummy .. 

Do 

51 
47 
44 
39 

'  Data  from  table  11,  public  roads,  October  1936. 
1  All  tie  bars  in  bond. 


Table  22. — Observed  efficiency  of  transverse  joints  {average  values 
for  a  number  of  tests)  ' 


Des- 
igna- 
tion 
in 
fig.  22 

Spac- 
ing of 
dowels2 

Joint 
open- 
ing 

Joint  efficiency 

Type  of  joint 

Win- 
ter 

Sum- 
mer 

Aver- 
age 
(var- 
ious 
sea- 
sons) 

Over 

dowels 

Be- 
tween 
dowels 

Dowel. 

F 
F 
F 
F 
F 
I 

Inches 
36 
27 
27 
18 
18 
18 

None 

Inches 

y-i 

H 
K 

Percent 

Percent 

Percent 

Percent 
46 
31 
16 

28 
40 

Percent 
8 

Do. 

0 

Do 

20 

Do 

g 

Do. 

28 

Dummy 

71 
4 

66 
41 

Do 

Dowel  plate  3 

H 
H 

59 
66 

Do 

i 

1  Data  from  table  10,  public  roads,  October  1930. 

2  All  dowels  3i-inch  diameter— not  in  bond. 

3  Dowel  plates  4  inches  by  %  inch. 

The  longitudinal  butt  joints,  which  were  all  in  slabs 
of  the  same  thickness,  had  much  lower  average  effi- 
ciencies than  the  tongue-and-groove  joints  in  spite  of 
the  fact  that  the  tie  bars  were  of  larger  size  and  in 
general  were  more  closely  spaced.  In  the  butt  joints 
there  is  no  consistent  relation  between  average  joint 
efficiency  and  tie-bar  spacing.  This  is  contrary  to 
what  would  be  expected  and  may  be  at  least  partially 
explained  by  the  fact  that  the  figures  given  are  average 
values  from  tests  in  which  the  loads  were  applied  at  a 
great  many  different  points.  It  was  found  in  testing 
these  butt  joints  that  there  was  a  rather  consistent 
relation  between  joint  efficiency  and  the  distance  from, 
the  center  of  the  load  to  the  center  of  the  nearest  tie 
bar.  The  average  observed  efficiencies  for  a  load 
directly  over  a  tie  bar  and  at  distances  of  18  and  30 
inches  from  it  were  about  70,  45,  and  35  percent,  respec- 
tively (fig.  35,  PUBLIC  ROADS,  Oct.  1936).  This 
would  indicate  that  tie-bar  spacing  lias  an  influence  on 
the  efficiency  of  longitudinal  butt  joints  in  spite  of  the 
lack  of  evidence  in  the  average  values  given  in  table  21. 


TESTS  INDICATE  DOWEL  SPACINGS  FORMERLY  USED  ARE 
EXCESSIVE 

The  average  efficiency  of  the  longitudinal  dummy 
joint  with  tie  bars  was  of  about  the  same  order  of  magni- 
tude as  that  of  the  butt  joints  and  the  omission  of  tie 
bars  reduced  the  average  efficiency  by  only  5  percent. 
Both  results  may  seem  somewhat  surprising,  the  first 
because  it  is  so  low  and  the  second  because  it  is  so  high, 
but  here  again  average  values  are  being  considered. 
In  testing  these  longitudinal  dummy  joints  it  was  found 
that  for  loads  at  certain  positions  the  indicated  efficiency 
was  very  high  while  at  other  positions  it  was  practically 
zero.  It  was  also  noted  frequently  that  the  joint  was 
efficient  for  a  load  on  one  side  of  it  and  inefficient  when 
the  load  was  placed  directly  opposite  on  the  other  side 
of  the  joint.  It  seems  evident  that  the  measured  effi- 
ciency of  a  dummy  joint  is  largely  dependent  on  the 
form  of  the  fracture,  particularly  the  direction  of  its 
slope,  directly  under  the  load. 

The  thickened-edge  longitudinal  joint  shown  in 
figure  22-E  was  not  investigated  in  the  Arlington  tests 
but  no  tests  are  necessary  to  establish  its  efficiency. 
This  is  entirely  dependent  on  the  proper  proportioning 
of  the  edge  section  in  the  manner  that  has  already  been 
discussed. 

The  transverse  doweled  expansion  joints  were  tested 
at  points  directly  over  the  dowels  and  midway  between 
them,  as  indicated  in  table  22.  In  general  the  average 
efficiency  was  very  low  for  a  load  between  the  dowels 
and,  with  one  exception,  was  considerably  greater  for  a 
load  directly  over  a  dowel.  This  investigation  was 
planned  in  1930  when  the  knowledge  of  the  action  of 
joint  devices  was  considerably  less  than  at  present. 
The  tests  themselves,  now  supplemented  by  the  analysis 
by  Friberg,  have  shown  that  the  program  was  quite 
inadequate  for  a  thorough  investigation  of  the  efficiency 
of  doweled  joints.  It  is  rather  definitely  indicated  that 
the  dowel  spacings  were  too  great  for  effective  dowel 
action  and  analysis  of  the  data  is  complicated  by  the 
fact  that  the  joints  were  installed  in  slabs  of  different 
thickness.  Therefore  the  results  obtained  should  not  be 
considered  as  indicative  of  the  best  performance  of 
doweled  expansion  joints  that  can  be  expected. 

The  transverse  dummy  contraction  joints  were 
tested  both  in  summer  and  winter  and  the  joint  with 
dowels  had  a  high  efficiency  in  both  seasons  of  the  year. 
The  joint  without  dowels  had  a  fair  efficiency  during  the 
summer  when  the  slabs  were  in  an  expanded  condition 
and  the  width  of  the  crack  was  small,  but  the  efficiency 
was  negligible  in  the  winter  when  contraction  had 
taken  place  and  the  width  of  crack  was  as  great  as 
0.03  inch.  Therefore,  it  appears  that  even  in  slabs 
as  short  as  these  (20  feet)  the  interlocking  of  the  frac- 
tured faces  in  a  transverse  dummy  joint  cannot  be 
depended  upon  to  provide  adequate  load  transfer  when 
the  slabs  are  in  a  contracted  condition. 

The  two  dowel-plate  expansion  joints  that  were 
tested  had  efficiencies  comparable  with  the  efficiency 
of  the  dummy  contraction  joint  with  dowels.  The 
figures  indicate  that  a  dowel  plate  of  the  size  investigated 
is  an  effective  means  for  bridging  the  openings  in  ex- 
pansion joints  but  more  information  is  needed  regarding 
the  required  depth  of  embedment  of  the  dowel  plate  in 
the  slab  and  the  required  thickness  of  plate. 

The  butt  contraction  joint  shown  in  figure  22 — J 
was  not  investigated  in  the  Arlington  test  but  its  per- 
formance should  be  expected  to  be  much  the  same  as 
that  of  the  doweled  expansion  joints,  with  probably  a 
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somewhat  greater  efficiency  on  account  of  the  smaller 
width  of  joint  opening. 

For  the  thick ened-end  transverse  expansion  joint 
shown  in  figure  22-G  the  efficiency  observed  in  the 
Arlington  tests  was  low  since  the  edge  thickness  was 
inadequate.  When  the  edge  section  is  properly  de- 
signed the  edge  stress  is  the  same  as  the  interior  stress 
and  no  edge  strengthening  or  load  transfer  is  required. 

In  the  past  the  thickened-end  type  of  transverse 
joint  has  been  criticised  on  the  ground  that  it  offers 
additional  resistance  to  contraction,  with  the  result  that 
a  transverse  crack  is  likely  to  develop  near  the  junction 
of  the  end  section  with  the  interior  of  the  slab.  No 
action  of  this  kind  has  been  observed  in  the  Arlington 
tests.  The  slabs  with  thickened  ends  have  expanded 
and  contracted  as  freely  as  any  of  the  other  slabs  tested 
and  no  transverse  cracks  have  developed  in  them  in 
a  period  of  more  than  8  years.  There  is  nothing  in 
the  results  of  these  tests  to  indicate  that  edge  thickening 
cannot  be  applied  to  transverse  expansion  joints  with 
as  much  success  as  to  the  longitudinal  edges  of  the  slab. 

Very  little  information  of  a  definite  character  is 
available  concerning  the  reported  unsatisfactory  per- 
formance of  thickened-end  transverse  joints.  The  only 
reference  that  has  been  found  is  in  a  1932  report  of  a 
committee  of  the  American  Road  Builders'  Association 
(47).  This  report  merely  states  that  experience  with 
the  thickened-end  joint  in  three  States  has  not  been 
entirely  satisfactory;  that  transverse  cracking  usually 
develops  near  the  joint,  with  subsequent  buckling  of 
the  slab  ends  due  to  expansion  and  with  the  further 
result,  in  some  cases,  of  complete  breakage  under  the 
action  of  traffic. 

In  contrast  to  this  is  the  experience  of  Kent  County, 
Mich.  Mr.  Otto  S.  Hess8  is  authority  for  the  following 
report  of  that  experience. 

EXPERIENCE  SHOWS  THICKENED-END  SLABS  SATISFACTORY 

Since  1926  practically  all  of  the  concrete  pavements 
built  by  the  Kent  County  Road  Commission  have  been 
constructed  with  thickened-end  transverse  expansion 
joints  spaced  50  feet  apart  and  with  no  intermediate 
contraction  joints.  The  50-foot  slabs  are  reinforced 
with  wire  fabric  or  bar  mats.  The  expansion  joints  are 
%  inch  wide  and  a  premolded  joint  filler  is  used.  The 
ends  of  adjacent  slabs  are  not  connected  in  any  manner. 

With  this  design,  transverse  cracking  has  been  almost 
eliminated.  Not  a  single  transverse  crack  has  been 
observed  in  the  vicinity  of  the  joints  where  the  end- 
thickening  begins.  The  contention  that  contraction  in 
a  thickened-end  slab  will  cause  the  ends  to  ride  up  on 
the  subgrade  and  create  roughness  at  joints  has  not 
been  supported  since  no  difficulty  has  developed  because 
of  vertical  movement  of  the  slab  ends.  The  experience 
of  Kent  County  indicates  that  if  the  strength  required  in 
joint  edges  is  obtained  by  thickening  the  slab  ends  it  is 
not  necessary  to  connect  the  slabs  with  dowels  or  other 
devices  in  order  to  maintain  smooth  joints. 

The  Arlington  tests  were  quite  inadequate  from  the 
standpoint  of  a  comprehensive  study  of  joint  action 
since  the  variables  included  in  the  program  were  not  of 
sufficient  number  or  of  sufficient  range.  However,  the 
results  obtained,  when  viewed  in  the  light  of  the 
Friberg  analysis  and  the  discussion  of  the  required 
efficiency  of  joints,  indicate  that  if  proper  attention  is 
given  to  the  design  of  both  the  slab  and  the  joint  a 
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number  of  the  types  of  joints  in  common  use  can  be. 
expected  to  effect  the  required  stress  reduction. 

Effect  oj  joints  on  corner  stresses. — An  assumption 
similar  to  that  used  in  deriving  equation  28,  which 
gives  a  measure  of  the  efficiency  of  a  joint  in  reducing 
edge  stress,  might  be  used  in  developing  a  measure  of 
the  efficiency  of  a  joint  in  reducing  corner  stress.  For 
example,  it  might  be  assumed  that  with  a  joint  of  100 
percent  efficiency  the  corner  stress  should  be  no  greater 
than  the  stress  in  the  edge  of  the  slab  at  some  distance 
from  the  corner.  However,  it  is  not  necessary  to  do 
this  and,  in  some  cases,  such  an  assumption  would 
result  in  an  indicated  efficiency  in  excess  of  100  percent 
in  joints  having  no  provision  whatever  for  stress 
reduction. 

In  a  slab  of  uniform  thickness,  corner  load  stresses 
computed  by  equation  11  exceed  edge  load  stresses 
computed  by  equation  15,  but  only  by  relatively  small 
amounts.  In  the  case  of  combined  stresses  in  slabs  15 
to  30  feet  long  and  ranging  in  depth  from  7  to  10  inches, 
figures  15  and  17  show  that  the  edge  stresses  are  always 
greater  than  the  corner  stresses.  In  10-foot  slabs  of 
these  depths  the  combined  corner  stresses  exceed  the 
combined  edge  stresses  by  50  to  80  pounds  per  square 
inch  when  k=  100,  but  when  &  =  300  the  edge  and  corner 
stresses  are  practically  the  same.  Therefore  it  appears 
that  in  a  slab  of  adequate  design  there  is  no  great  need 
for  stress  reduction  at  the  joint  corners  and  that  any 
reduction  effected  by  the  joint  device  will  be  in  the 
nature  of  a  factor  of  safety. 

In  the  Arlington  tests  the  difference  between  the 
stress  at  a  free  corner  and  that  at  a  joint  corner  was 
determined  and  this  stress  reduction  was  expressed  as 
a  percentage  of  the  stress  at  the  free  corner  (table  12, 
PUBLIC  ROADS,  October  1936).  It  was  found  that 
the  transverse  joints  (table  22)  were  about  equally 
effective  in  reducing  corner  stress  and  that  the  average 
reduction  was  about  40  percent.  Of  the  longitudinal 
joints  that  could  be  tested,  the  butt  joint  with  tie  bars 
spaced  24  inches  apart  and  the  dummy  joint  with  tie 
bars  resulted  in  an  average  reduction  in  corner  stress 
of  about  50  percent  and  the  dummy  joint  without  tie 
bars  reduced  the  corner  stress  by  about  40  percent. 
Thus  all  the  joints  tested  were  quite  effective  in  reduc- 
ing corner  stress  although  some  of  them  were  quite 
ineffective  in  reducing  edge  stress. 

CONCLUSIONS 

The  discussion  that  has  been  presented  leads  inevita- 
bly to  certain  conclusions  which,  if  accepted,  require  a 
rather  drastic  revision  in  some  of  the  accepted  ideas 
concerning  the  structural  design  of  concrete  pavements. 
These  conclusions  are  open  to  attack  principally  on  the 
ground  that  practical  experience  in  certain  localities  or 
under  certain  conditions  does  not  always  support  them. 
This  is  recognized  but  it  is  believed  that,  for  the  country 
as  a  whole,  they  are  supported  by  observations  of  the 
behavior  of  pavements  in  service.  The  exceptions  may 
be  due  to  a  number  of  causes,  an  important  one  being 
that  many  concrete  pavements  are  not  subjected  to 
loads  of  the  magnitude  and  frequency  for  which  pre- 
sumably they  were  designed. 

In  other  engineering  structures,  such  as  bridges  and 
buildings,  the  absence  of  failure  is  not  necessarily  an 
evidence  of  adequate  design  since  structures  do  not 
always  fail  even  when  dangerously  overs  tressed.  The 
same  is  true  of  concrete  pavements.     It  is  recognized, 
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of  course,  that  it  would  be  unreasonable  to  be  as  con- 
servative in  the  design  of  pavements  as  in  the  design  of 
bridges  but  it  should  also  be  recognized  that  the  factor 
of  safety  in  many  pavement  designs  in  current  use  is 
negligible. 

On  the  basis  of  the  information  presented,  concrete 
pavements  may  be  designed  with  reasonable  assurance 
that  they  will  be  free  from  structural  defects  over  a  long 
period  of  time.  A  lowering  of  the  indicated  require- 
ments of  design  may  result  in  structural  failures  of 
varying  degrees  of  importance.  The  extent  to  which 
the  possibility  of  such  failures  can  be  tolerated  is  a 
matter  to  be  decided  on  the  basis  of  engineering  judg- 
ment. 

The  more  important  conclusions  that  are  indicated 
are  as  follows: 

1.  The  critical  load  stresses  developed  in  a  concrete 
pavement  are  primarily  dependent  on  single  wheel  loads 
and  not  on  axle  loads,  axle  spacing  or  the  gross  weight  of 
vehicle. 

2.  Impact  forces  considerably  in  excess  of  static 
wheel  loads  should  be  used  in  the  design  of  pavements. 
The  impact  factor  (ratio  of  total  impact  reaction  to 
static  wheel  load)  is  less  for  balloon  tires  than  for  high- 
pressure  tires  and  decreases  as  the  wheel  load  increases. 

3.  The  stresses  in  a  concrete  pavement  are  approxi- 
mately the  same  for  an  8,000-pound  wheel  load  on  dual 
high-pressure  tires  and  for  a  9,000-pound  wheel  load  on 
dual  balloon  tires. 

4.  The  stress  analyses  of  Westergaard,  with  the 
modifications  suggested  by  the  Arlington  tests,  are 
suitable  for  use  in  the  design  of  concrete  pavement 
slabs  and  form  the  only  adequate  basis  for  such  design. 

5.  Since  the  physical  characteristics  of  the  subgrade 
and  of  the  concrete  can  never  be  foretold  with  cer- 
tainty it  is  desirable  to  be  conservative  in  the  selection 
of  values  representing  these  various  characteristics  for 
use  in  design. 

6.  Warping  stresses  due  to  differentials  of  tempera- 
ture within  the  slab  may  be  of  the  same  order  of  mag- 
nitude as  the  stresses  due  to  heavy  wheel  loads  and 
therefore  require  consideration  in  pavement  design. 

7.  Reasonable  assurance  of  the  absence  of  transverse 
cracking  in  concrete  pavements  can  be  obtained  only 
by  the  use  of  short  slabs  having  lengths  not  greater 
than  10  to  15  feet. 

8.  Transverse  cracks  in  thickened-edge  pavements 
without  reinforcement  create  a  weakened  condition  in 
the  interior  of  the  slab  which  may  be  serious.  The 
introduction  of  properly  designed  steel  reinforcement 
in  long  slabs  will  not  completely  eliminate- transverse 
cracking  but  it  will  reduce  or  eliminate  the  detri- 
mental effect  of  the  cracks  which  may  develop. 

9.  The  edges  of  transverse  joints  in  thickened-edge 
slabs  require  strengthening  because  the  central  portion 


of  the  joint  has  the  same  thickness  as  the  interior  of 
the  slab  but  is  subjected  to  the  higher  stresses  that 
are  associated  with  edge  loading. 

10.  When  the  pavement  is  designed  for  the  com- 
bined stresses  due  to  load  and  temperature  it  is  safe 
practice  to  use  an  allowable  unit  stress  in  excess  of  50 
percent  of  the  28-day  flexural  strength  of  the  concrete. 

11.  When  the  pavement  is  designed  for  maximum 
legal  wheel  loads  and  in  such  manner  that  the  com- 
bined stresses  due  to  load  and  temperature  are  limited 
to  safe  values  and  are  reasonably  well  balanced,  the 
thickened-edge  section  has  no  great  advantage  over 
the  section  of  uniform  thickness  from  the  standpoint 
of  over-all  cost  per  mile. 

12.  Transverse  joints  are  required  in  concrete  pave- 
ments to  relieve  warping  stresses  due  to  temperature 
and  also  to  provide  for  longitudinal  expansion  and 
contraction.  Longitudinal  joints  are  required  to  pre- 
vent the  longitudinal  cracking  that  usually  develops 
otherwise. 

13.  If  proper  attention  is  given  to  the  design  of  both 
the  slab  and  joint,  the  required  edge  strengthening  at 
joints  in  thickened-edge  slabs  can  be  obtained  with  a 
number  of  the  types  of  load-transfer  devices  in  com- 
mon use. 

14.  The  thickened-end  transverse  expansion  joint  is 
indicated,  both  by  tests  and  experience,  to  be  a  highly 
effective  method  of  providing  the  edge  strengthening 
that  is  required  at  transverse  joints  in  thickened-edge 
slabs. 

15.  Longitudinal  joints  of  the  tongue-and-groove 
type  appear  to  be  considerably  more  effective  than 
other  types  in  common  use  in  providing  the  strength- 
ening that  is  required  in  the  edges  of  the  longitudinal 
joints  of  thickened-edge  slabs. 
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IN  THE  DESIGN  of  retaining  walls,  throe  types  of 
earth  pressure  may  be  considered. 
Without  movement  of  the  earth,  pressures  against 
the  walls,  figure  1 — -A  and  1 — B,  become  the  "earth 
pressures  at  rest"  which  depend  upon  the  coefficient  K, 
expressed  by  the  relation 

K     ' 

v 

In  which 

1= lateral  pressure, 
v= vertical  pressure. 

However,  soil  must  deform  to  fail.  The  pressures  it 
produces  at  maximum  deformation  without  failure  are 
termed  active  or  passive,  depending  on  the  directions 
of  the  applied  forces  responsible. 

Wedges  (1 ,  2)'2  assumed  in  the  design  of  retaining 
walls  (fig.  1)  have  lower  boundaries,  D — D,  on  which 
the  soil  slips  when  it  shears.  Weight  of  the  earth  in 
figure  1 — A.  produces  the  active  earth  pressure  which 
forces  walls  outward  and  causes  D — D  to  incline  at  an 
angle  a  with  the  horizontal  and  b  with  the  vertical. 
Forcing  walls  backward  as  in  figure  1 — B,  produces  the 
passive  earth  pressure  which  causes  D — D  to  incline  at 
an  angle  b  with  the  horizontal  and  a  with  the  vertical. 

The  diagram  of  supporting  value  of  soil  under  a  strip 
load,  considered  in  a  formula  published  in  PUBLIC 
ROADS  (3),  is  shown  in  figure  1— C. 

Beneath  each  half  of  the  load,  which  acts  like  an 
embankment  breaking  in  the  middle,  is  a  triangular 
diagram  of  active  earth  pressure  similar  to  the  one 
shown  in  figure  1 — A.  It  is  assumed  that  wedges  of 
earth  beneath  the  surface  adjacent  to  the  loaded  area 
and  subjected  to  passive  earth  pressure  function  like 
retaining  walls  to  prevent  failure  of  the  wedges  subjected 
to  the  active  earth  pressure.  Therefore,  diagrams  of 
passive  earth  pressure  similar  to  the  one  shown  in 
figure  1 — B  are  used  to  complete  the  diagram  of  the 
supporting  value  of  the  soil  (fig.  1 — C).  The  angle  a 
and  its  complement  b  are  utilized  also  in  theories  sug- 
gested for  the  determination  of  stresses  in  embank- 
ments (4),  soil  foundations  for  rigid  loads  (5),  and 
flexible  type  pavements  (6,  7). 

The  coefficient  of  earth  pressure  at  rest,  K,  (8) 
depends  upon  the  soil's  elasticity  rather  than  its 
resistance  to  shear.  Active  and  passive  earth  pressures 
in  contrast  depend  upon  the  soil's  cohesion  c,  and  its 
angle  of  internal  friction  4>. 

EARTH  PRESSURES  STUDIED  EXTENSIVELY 

Tests  to  determine  relations  of  the  laterial  to  applied 
vertical  pressures  on  soil  and  their  use  to  furnish  design 
data  have  become  accepted  practice. 

In  1900  J.  A.  Jamieson  (9)  a  Canadian  engineer, 
utilized  manometers  as  shown  in  figure  2  to  measure 
both  lateral  and  vertical  pressures  of  grain  in  model 

1  Paper  presented  at  the  annual  meeting  of  the  American  Society  for  Testing  Mate- 
rials, Atlantic  City,  N.  J.,  June  28,  1939. 

2  Italic  figures  in  parenthesis  refer  to  bibliography,  p.  153. 
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bins.  About  the  same  time,  E.  P.  Goodrich,  investi- 
gating pressures  against  retaining  walls,  utilized  the 
apparatus  shown  in  figure  3,  and  his  findings  published 
in  1904  (10)  are  substantiated  by  later  work  in  this 
country  (11,  12)  and  quite  recently  by  extensive  in- 
vestigations in  Germany  (13). 

On  January  18,  1933,  F.  N.  Hveem  filed  an  applica- 
tion for  letters  patent  on  a  stabilometer,  figures  4  and 
5,  to  test  various  sorts  of  reasonably  stiff  plastic  ma- 


Figure  1. — Surfaces  of  Slip  Illustrated. 
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LINES  SHOW  SURFACE 
AT  DIFFERENT  POINTS 
WHEN  EMPTYING  BIN 
SIDE  OPENING 


Figure  2. —  Manometer  Used  by  Jamieson. 

ferials,  such  as  clay,  soil  (to  determine  bearing  values), 
etc.     The  apparatus  had  essential  features  as  follows: 

1.  Flexible  cylinder  arranged  concentrically  within  a 
cylindrical  shell,  a  pressure  chamber  being  formed 
between  the  two. 

2.  Specimens  in  the  flexible  cylinder  loaded  axially 
and  means  to  measure  accompanying  changes  in  the 
chamber  pressures. 

3.  Means  to  measure  deformations  of  the  specimens 
m  the  direction  of  load  ami  perpendicular  to  if.  The 
patent 3  was  granted  April  23,  1985  (14)- 

In  Hveem's  apparatus  the  flexible  rubber  cylinder  is 
attached  at  both  ends  to  the  pressure  chamber,  which 
in  turn  is  of  metal  and  filled  with  a  liquid. 


>  U.  S.  Patent  Office  No.  1998722. 


Figure  4. — Stabilometer  Developed  by  Hveem. 

HEAD  OF 
\  TESTING  MACHINE  / 


PISTON   FOR 
APPLYING   LOAD 


LIQUID   UNDER 
^\-  SMALL  INITIAL 
i  l    .SURE 


c-  platen  of  testing  machine 
Figure  5. — Diagram  of  Stabilometer  Developed  by  Hveej 

In  1934,  Leo  Jurgenson  (15)  described  apparatus  i 
which  the  rubber  was  fixed  at  but  one  end  to  the  chaca 
ber,  and  which  utilized  compressed  air  to  maintai 
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Figure  6. 


-Rubber  Sleeve  and   Clamps    Used  to 
Samples  for  Stabilometer  Tests. 


Encase 


constant  pressure  in  the  chamber.  In  the  same  year 
Keverling  Buisman  of  Delft,  Netherlands,  (16)  sug- 
gested the  use  of  transparent  material  for  the  outer 
shell. 

Since  then  modifications  of  these  basic  conceptions 
have  been  reported  by:  Delft  Laboratories,  1936  (17); 
W.  S.  Housel,  1936  (18);  Seibert  and  Palmer,  1938  (10); 
John  D.  Watson,  1938  (20);  Corps  of  Engineers,  United 
States  Army,  1939  (21);  and  the  Public  Roads  Admin- 
istration, Levi  Muir,  the  Shell  Oil  Co.,  and  the  Bureau 
of  Reclamation  in  1939  (22). 

Purposes  of  the  tests,  types  of  soil  investigated,  and 
laboratory  facilities  necessitated  procedures  and  equip- 
ment which  varied  widely  in  some  respects  and  yet  had 
enough  in  common  to  suggest  use  of  simplified  ap- 
paratus with  interchangeable  parts  to  satisfy  all  the 
requirements.  Methods  employed  include  a  "closed'' 
system  which  prevents  volume  change  of  samples,  and 
an  "open"  system  which  permits  their  swell  or 


Figure    7. — Mold  [  Used    for     Compacting 
Stabilometer  Tests. 


Samples     for 


solidation  during  test.  An  impervious  encasement 
which  prevents  entrance  or  escape  of  air  and  water 
encloses  samples  in  the  closed  system,  and  placing  them 
between  porous  stones  provides  for  the  entrance  or 
egress  of  air  and  water  in  the  open  system. 

PRESSURE  CHAMBER  SUGGESTED  FOR  USE  IN  PREPARING  SAMPLES 

For  stabilometer  tests,  cylindrical  samples  are  encased 
in  rubber  sleeves  clamped  about  bakelite  disks  (fig.  6) 
which,  with  or  without  porous  stones,  are  placed  at  the 
ends  of  the  samples.  Samples  of  stabilized  soil  and 
embankment  materials  may  be  compacted  in  the  appa- 
ratus shown  in  figure  7. 

For  tests  using  the  closed  system,  compacted  samples 
are  placed  in  the  rubber  jackets  with  impervious  disks 
at  the  bottom  ends,  and,  after  removal  from  the  split 
cylinder  mold,  impervious  disks  are  also  placed  at  their 
upper  ends.  The  clamps  are  adjusted  and  threaded 
studs  screwed  into  the  bottom  disks  as  shown  in  figure 
8 — B.  This  assembly  can  also  be  used  for  testing  un- 
disturbed samples  at  their  natural  moisture  contents. 
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BOTTOM  DI'jK  D 


Figure  8. — Assemblies  Showing  Porous  Stones  and  Disks  Placed  at  Ends  of  Samples. 


Studs  afford  means  to  fasten  sample  assemblies  in  the 
stabilometers,  and  threaded  recesses  in  the  top  disks 
afford  means  for  attachment  to  plungers  of  the  stabilom- 
eters. 

Determinations  of  the  critical  density  of  sands  may 
be  desired  also.  The  critical  density  has  been  defined 
by  Arthur  Casagrande  (23)  as  that  density  at  which  a 
soil  can  undergo  deformation  or  actual  flow  without 
volume  change,  (see  also  (24))-  For  this  purpose 
assembly  C  is  suggested. 

Assembly  G  (fig.  8)  is  suggested  for  use  in  determin- 
ing permeabilities  and  capillarities  of  samples  by  appli- 
cation of  water  through  the  porous  stone  and  tube  in 
the  bottom  disk,  which  furnishes  a  connection  with  the 
burette.  At  times,  tests  on  samples  at  the  pore  pres- 
sures of  the  pressure  chamber  may  be  required.  Assem- 
bly F  is  suggested  for  this  purpose. 

The  apparatus  shown  in  figure  9  is  usable  in  the  pre- 
testing of  samples  for  consolidation  and  swell  (see  also 
(15,  25)).  Rise  of  water  in  the  burette,  assembly  C, 
discloses  the  speed  and  amount  of  consolidation  of 
samples  at  the  applied  air  pressures;  and  drop  of  water 
in  the  burette  indicates  their  swell.  Metal  guides 
attached  to  the  top  disks  are  to  prevent  tilting  of 
samples  during  such  tests. 

At  the  conclusion  of  the  preliminary  tests,  all  spaces 
in  porous  stones,  disks  and  tubes  at  the  bottoms  of 
assemblies  C  and  G  are  filled  with  water.  Disconnect- 
ing the  burettes  and  capping  the  tubes  and,  for  assem- 
bly G,  replacing  the  perforated  top  disk  with  an  im- 
pervious one,  completes  the  change  to  assembly  D 
(fig..8). 

Figure  10  is  a  diagram  of  a  pressure  chamber  and 
sample  assembly  which  is  usable  in  the  closed  system 
of  test.     A  nut  on  the  tube  fastens  the  assembly  1)  to 


the  chamber.  A  similar  nut  on  the  threaded  stud,  as- 
sembly B,  serves  a  similar  purpose. 

Attaching  one  end  only  of  sample  assemblies  to  the 
pressiue  chamber  distinguishes  the  stabilometer,  figure 
10,  as  the  free  rubber  type  used  by  Jiirgenson,  Delft 
Laboratories,  Harvard  University,  Corps  of  Engineers, 
United  States  Army,  and  the  Bureau  of  Reclamation. 

Harvard  University  and  the  Corps  of  Engineers  sug- 
gest glycerine  as  a  liquid  satisfactory  for  use  in  the 
cylinder.  To  prevent  leakage,  Harvard  University 
utilized  the  stuffing  box  (fig.  11)  and  the  Corps  of  Engi- 
neers, the  bronze  bushing  (fig.  10). 

Relative  to  experience  at  Harvard  University,  John 
D.  Watson  (20)  states: 

It  is  absolutely  essential  that  friction  between  this  piston  and 
the  head  be  reduced  to  a  negligible  amount.  At  the  same  time 
it  must  be  possible  to  maintain  the  hydrostatic  pressure  in  the 
compression  chamber  constant  while  a  test  is  in  progress.  A 
highly  viscous  fluid  in  the  compression  chamber  would  be  far 
better  than  air  because  air  under  pressure  is  very  difficult  to 
confine  without  leakage.  Glycerine  was  chosen  because  in  addi- 
tion to  a  high  viscosity  it  is  soluble  in  water  and  easy  to  wash 
off  and  clean  up,  and  it  does  not  attack  rubber.  The  piston  rod 
is  jacketed  with  graphite  steam  packing  but  the  packing  gland  is 
screwed  down  so  little  that  the  piston  rod  will  fall  slowly  under 
its  own  weight. 

Relative  to  the  use  of  the  bronze  bushing,  a  report 
by  the  Corps  of  Engineers  (21)  states: 

The  hemp  packing  box  has  been  eliminated  and  a  bronze 
bushing  substituted  in  its  place.  Experience  has  shown  that 
friction  is  eliminated  thereby  and  that  leakage  of  glycerine  even 
at  high  hydrostatic  pressures  is  negligible. 

Relative  to  the  closed  system,  a  report  (22)  on  the 
Bureau  of  Reclamation's  apparatus  states: 

The  specimens  are  encased  in  thin-wall  rubber  tubes  which 
clamp  to  metal  end  plates,  thus  keeping  the  water  which  com- 
pletely fills  the  pressure  cylinder  from  wetting  them. 
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Figure   9.      Pressure   Chamber   for 
Samples. 


Use   in    Consolidating 


COEFFICIENT  A   DETERMINED  USING  THE  FIXED  KUKIIEK  TYPE  <>F 
STABILOMETER 

It  is  convenient  to  arrange  the  stabilometer  in  loading 
devices  so  that  upward  movement  of  the  plunger  is 
prevented  while  pressures  within  the  chamber  are 
increased  to  those  selected  for  use  in  the  tests.  At 
particular  lateral  pressures  thus  provided,  samples  are 
compressed  to  failure  by  vertical  pressures  applied 
through  the  plunger. 

Figure  12  illustrates  the  failure  of  a  cylindrical 
sample.  As  the  cylinder  shortens  it  bulges  first  (fig. 
12-B)  and  then  fails  along  the  surfaces  of  slip  (fig.  12-C 
and  12-D)  which  incline  to  the  horizontal  at  the  angle 
a  shown  in  the  diagrams,  figure  1. 

Tests  on  samples  comprised  of  differently  colored 
modeling  clays  disclosed  the  deformations,  figure  13, 
undergone  by  the  layers  which  had  uniform  thicknesses 
prior  to  test. 

Reduction  of  the  vertical  pressure,  accompanied  by 
increase  of  lateral  pressures,  facilitates  removal  ol 
samples  from  the  chamber  and  container  by  reducing 
their  diameters. 

Analyses  of  test  data  by  means  of  Mohr's  circles  of 
stress  has  been  described"  in  PUBLIC  ROADS  I 
Common  tangents  which  disclose  the  values  of  c  and 
<f>  are  drawn  to  arcs  constructed  from  a  knowledge  of  the 
vertical  pressures,  v,  and  the  lateral  pressures,  I,  on  the 
sample  at  failure. 


Ik, i  he  10.  -Stabilometer  of  the  Plunger  Type 


LEGEND 

1  PISTON   ROD 

2  PACKING 

3  TROUGH 
A-     HEAD 
5-    BOSS 

6  CAP 

7  LUCITE  CYLINDER 

8  FINE  SCREEN 

9  FILTER 

10  RUBBER  BAND  BINDINGS 

11  RUBBER  TUBE 

12  SAMPLE 

13  GASKETS 

14  BASE 


,.  VERTICAL  LOAD  APPLIED   AND 
\DEFORMATION  MEASURED  HERE. 


CONNECTION   TO 
ASPIRATOR 
BOTTLE,  PIPETTE 
AND  VACUUM 


CONNECTION  TO 
GLYCERINE  AND 
AIR  PRESSURE 
RESERVOIR 


Figure  11. — The  Triaxial  Compression  Chamber. 
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BEFORE  TEST 


B 

PLASTIC  YIELD  FAILURE- SHEAR  CONES 

Figuee  12. — Deformation  of  the  Sample  During  Testing. 


FAILURE-SHEAR  PLANE 


Figure  13.- — Deformation  of  a  Clay  Sample.  The  Light 
and  Dark  Bands  Were  of  Equal  and  Uniform  Thick- 
nesses Before  Testing. 

To  illustrate,  let  the  stress-strain  relations,  figure  14, 
represent  data  furnished  by  two  tests.  The  cylinder 
tested  at  a  lateral  pressure,  I,  of  100  pounds  per  square 
foot,  failed  at  a  vertical  pressure,  v,  of  1,046  pounds  per 
square  foot.  The  cylinder  tested  at  I  equals  500  pounds 
per  square  foot  failed  at  v  equals  1,900  pounds  per  square 
foot. 

Figure  15  shows  the  graphical  analysis.  The  full  line 
at  the  top  shows  the  relation  between  shear  stress  and 
normal  pressure  at  failure  of  the  cylinders.  The 
straight  broken  lines  show  similar  relations  for  strains 
less  than  the  ultimate. 

The  arcs  have  centers  on  the  abscissa  at  a  distance  of 

— k-  from  the  origin,  and  radii  to  the  same  scale  of  ^~- 
This  places  the  center  of  tho  smaller  full  line  circular 
arc  at  the  point  corresponding  to  — ~ pounds 


per  square  foot,  and  makes  its  radius  equivalent  to 

1,046-100  ,  ,     . 

— n pounds  per  square  foot. 

As  the  next  step,  the  relations  of  c  and  <j>  to  deforma- 
tions of  the  samples  may  be  shown  as  previously 
described  (8,  27). 

Use  of  sample  assembly  C  with  the  special  manom- 
eter, figure  16,  permits  the  determination  of  pore 
pressures  within  samples  during  test.  The  special 
manometer  has  been  discussed  elsewhere  (25,  28). 

In  the  determination  of  coefficients  of  earth  pressure 
at  rest,  lateral  deformation  of  samples  is  confined  to 
a  minimum.  For  this  purpose,  the  stabilometer, 
figure  17,  is  suggested.  By  the  use  of  sample  assembly 
G  and  at  the  discretion  of  the  operator,  water  may  be 
applied  directly  to  the  sample's  top  and  by  the  con- 
nection through  the  lower  disk,  to  its  bottom. 

The  rubber  sleeve  of  the  sample  assembly  attached 
at  both  ends  to  the  pressure  chamber,  distinguishes  the 
stabilometer,  figure  17,  as  the  fixed  rubber  type  which 
has  been  used  by  Hveem,  Buisman,  Housel,  Seibert 
and  Palmer,  Muir,  the  Shell  Oil  Company  and  the 
Delft  Laboratories  (22).  Figure  18  shows  stabilometers 
of  the  free  and  fixed  rubber  types. 

In  making  the  test  for  K,  the  chamber  is  completely 
filled  with  water  and  both  outlet  and  inlet  valves  are 
closed  to  prevent  escape  of  the  water  during  test.  The 
vertical  pressure  is  then  applied  through  the  plunger, 
and  the  gradually  increasing  lateral  pressures  are  read 
from  the  gage. 

Relations  of  K  to  moisture  content  of  a  soil  are 
obtained  from  samples  compacted  at  or  consolidated 
to  different  moisture  contents  and  tested  at  pressures 
within  the  range  for  which  information  is  desired. 

The  stabilometer,  figure  17,  with  confinement  of 
liquid  in  the  pressure  chamber,  typifies  also  the  cell 
apparatus,  figure  19,  used  at  the  present  time  to  test 
the  soft  undersoils  for  which  Holland  is  noted.  Thirty- 
eight  of  the  devices  were  in  use  at  the  Delft  Laboratories 
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VERTICAL    DEFORMATION  -   PERCENTAGE  OF  ULTIMATE 

In,  ii  UK    l  I. — Stress-Strain    Relations    for   Two   Samples. 

in  the  summer  of  1938,  and  25  more  hud  hem  prepared 
for  shipment  to  the  University  of  Ghent,  Belgium. 

The  testing  procedure,  described  elsewhere  {22) 
provides  for  escape  of  the  liquid,  in  small  amounts  a< 
a  time,  from  the  chamber.  This  in  turn  causes  increas- 
ing shear  resistance  to  be  developed  as  the  soil  deforms. 
Its  unique  feature  is  the  testing  of  but  one  sample  to 
obtain  values  of  c  and  <f>  of  an  undisturbed  soil  at  its 
natural  moisture  content.  For  shear  tests  of  the  same 
soil  at  lower  moisture  contents,  samples  are  first  con- 
solidated in  the  stabilometers. 

VARIOUS  FEATURES  OF  APPARATUS  DISCUSSED 

The  long  period  of  time  required  for  this  makes  it 
advisable  to  preconsolidate  the  samples  in  the  separate 
chamber,  figure  9. 

The  impervious  top  disk  of  the  sample,  assembly  C, 
would    then    be    replaced    by    the    porous    stone    and 
perforated  disk,   assembly  G,   and   the   rubber  si 
slipped  over  and  clamped  about  the  metal  extension  as 
shown  in  figure  17. 

The  selection  of  the  type  of  stabilometer  depends 
primarily  upon  the  size  of  the  samples  to  be  tested, 


NORMA' 

Figure    L5.     Graphical  Analysis  of  Stresses  in   Cylinder. 


l.ONNi 

COMPRESSED  AIR 
CONTAINER  - 


AIR 


Figure  Hi.     Stabilometer  Assembly  With  Special 

M      NOMETER. 

pressures  to  be  used  during  test,  laboratory  facilities, 
and  personal  preferences  as  to  the  use  of  air  or  liquidin 
the  pressure  chamber. 

Sample  dimensions. — To  insure  that  planes  of  rupture 
intersect  the  sides  of  samples,  their  heights  should  be 
at  least  twice  their  diameters.  A  diameter  of  2  inches 
is  satisfactory  for  soil  which  passes  the  No.  10  sieve. 

Samples  with  larger  sized  particles  require  larger 
diameters.  H.  N.  Hveem  has  found  a  diameter  of  4 
inches  satisfactory  for  certain  types  of  bituminous  road 
surfacings;  and  the  Bureau  of  Reclamation  apparatus 
is  suitable  for  testing  samples  up  to  6  inches  in  diameter 
by  16  inches  long. 

Chamber  walls. — Apparatus  of  the  size  illustrated  in 
figures  9,  10,  17,  20,  and  21,  provides  for  the  testing  of 
samples  2  inches  in  diameter  by  4Y2  inches  high.  For 
tests  of  such  samples  the  use  of  transparent  tubing  for 
the  outer  shell  of  the  pressure  chamber  is  recommended, 
since  among  other  things  it  provides  desirable  visual 
inspection  of  samples  during  test. 

Use  of  glass  for  this  purpose,  figure  22,  was  proposed 
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Figure  17.- 


-Stabilometer  Assembly  of  the  Fixed 
Rubber  Type. 


by  Buisman  in  1934  and  it  is  still  used  in  European 
laboratories.  The  transparent  plastics  used  in  this 
country  are  recommended  as  more  suitable.  Relative 
to  experience  with  them  at  Harvard  University  the 
Watson  report  (20)  states: 

This  pressure  chamber  was  designed  for  and  has  been  success- 
fully used  under  an  internal  pressure  up  to  10  kg.  cm.-2  Plate 
BII-1  (fig-  11)  shows  that  it  consists  of  a  "Lucite"  cylinder  en- 
closed with  rubber  gaskets  between  a  cast-brass  head  and  base. 

For  large  samples  and  for  the  high  pressures  com- 
monly used  to  test  semirigid  pavement  surfacing 
materials,  outer  cylinders  consisting  of  metal  are  used. 
The  elaborate  apparatus  constructed  by  the  Bureau  of 
Reclamation  is  shown  in  figure  23.  Relative  to  the 
latter's  apparatus,  their  report  (22)  states: 

The  loading  equipment  will  develop  and  measure  an  axial  load 
up  to  a  maximum  of  7,500  pounds  and  deform  specimens  as 
much  as  4  inches. 

Application  of  load. — Some  laboratories  use  testing 
machines  for  applying  load  to  the  samples,  and  meas- 
uring their  vertical  deformations.  Others  make  use  of 
yokes,  levers,  or  threaded  plungers  to  apply  the  loads, 
and  micrometer  dials  to  measure  the  deformations. 

Figure  24  shows  the  testing  machine  used  at  Harvard 


Figure  18. — Left,  Free,  and  Right,  Fixed  Rubber  Types  of 
Stabilometer. 
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Figure  19. — Cell  Apparatus  Developed  by  the 
Delft  Laboratories. 
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SCALE  IN  INCHES 
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Figure  20. — Stabilometer  Assembly  of  the  Bellows  Type. 
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Figure  21. — Stabilometer  Assembly  oe  the  King  Type. 
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Figure  22. — Cell  Apparatus   With   Glass   Cylinder   Used 
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Figure  23. — Stabilometer  Used  by  the  Bureau  of 
Reclamation. 

University.  The  method  using  a  threaded  plunger  is 
employed  by  Jurgenson,  Hennes,  the  Bureau  of  Recla- 
mation, ancl,  in  tests  of  unconhned  cylinders,  as  shown 
in  figure  25,  by  Burmister. 

All  methods  are  considered  satisfactory.  However, 
methods  causing  a  constant  rate  of  strain  facilitate  the 
determination  of  deformations  indicative  of  ultimate 
failure  and  are  therefore  preferred. 
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Figure   24. — Apparatus   Used   in    Making   Triaxial   Shear 
Test  at  Harvard  University. 


Figure  25. —  Load  Measurement  by  Calibrated  Kim. 


Pressure  chambers. — Except  for  their  tops,  the  stabil- 
ometers,  figures  f  0  and  17,  and  the  consolidation  cham- 
ber, figure  9,  are  alike,  and  all  are  required  for  routine 
stabilometer  tests.  However,  for  use  in  making  only 
occasional  tests  the  one  base  and  cylinder  with  the  three 
different  tops  should  prove  adequate.  If  the  use  of 
glycerine  within  the  chamber  or  the  possibility  of  leak- 
age from  it  is  considered  objectionable,  the  apparatus, 
figures  20  and  21,  can  be  substituted  for  the  free  rubber 
type,  figure  10. 

To  make  the  chambers  airtight,  packing  must  be 
compressed  enough  to  prevent  frictionless  movement 
of  the  plunger.  Therefore,  means  within  the  chambers 
to  measure  vertical  pressures  applied  to  the  sampler  is 
required. 

For  i  his  purpose  use  of  a  sylphon  bellows  (fig.  20),  or 
a  calibrated  ring  (fig.  21),  is  suggested.  Jurgenson  (15) 
placed  a  bellows  inside  the  chamber,  and  the  Bureau  of 
Reclamation  places  the  bellows  on  the  outside.  The 
calibrated  ring  has  been  used  in  direct  shear  tests  at 


l.'V 


Figure    26. — Stabilometer,    Manometer,    and    Compressed 

Air  System. 

Massachusetts  Institute  of  Technology  (29)  and  by 
Burmister  (22)  in  unconfined  cylinder  tests  (see  fig.  25). 

Figure  20  illustrates  the  use  of  a  manometer  for  con- 
trolling lateral  pressures  and  the  threaded  plunger 
method  of  applying  load.  Manometers  used  in  Jamie- 
son's  early  experiments  have  been  employed  also  in  the 
Delft  Laboratories,  and  to  supplement  pressure  gages 
in  the  control  of  low  lateral  pressures  by  the  Public 
Roads  Administration.  Since  provision  is  made  for 
measuring  applied  vertical  pressures,  the  threaded 
plunger  is  usable  to  obtain  a  constant  rate  of  strain. 
Figure  21  illustrates  also  an  arrangement  for  measuring 
vertical  movements  of  the  plunger  when  the  loads  are 
applied  through  yokes. 

Chamber  pressures. — The  air  supply  system  used  by 
the  Public  Roads  Administration,  figure  20,  provides 
for  pressures  up  to  125  pounds  per  square  inch  and  a 
reservoir  of  2-cubic  feet  capacity.  The  Bureau  of 
Reclamation's  apparatus  provides  lateral  pressures  to  a 
maximum  of  200  pounds  per  square  inch.  Constant 
pressures  are  maintained  by  means  of  a  pressure  con- 
trol device  which  automatically  starts  and  stops  the  com- 
pressor. For  maintaining  constant  lateral  pressures  up 
to  at  least  10  pounds  per  square  inch,  the  manometer 
shown  in  figure  20  is  a  valuable  supplement  to  the 
automatic  pressure-control  device.  For  larger  lateral 
pressures,  the  controlled  pressure  air  reservoir  is  used. 

CLOSED  SYSTEM  SUGGESTED  FOR  THE  DETERMINATION  OF  c  AND  <f> 

Data  furnished  by  direct  shear  tests  illustrate  ad- 
vantages of  the  closed  as  compared  with  the  open  sys- 
tem of  test.  Relations  of  s  to  n,  figure  27,  were  obtained 
from  data  furnished  by  open  system  tests,  and  published 
elsewhere  (30).  Samples  placed  between  porous  stones 
and  consolidated  to  equilibrium  at  the  moisture  con- 
tents indicated  were  sheared  at  several  normal  pressures 
up  to  and  including  the  consolidation  pressure. 

To  illustrate  deficiencies  of  the  data,  figure  27,  let  it  be 
assumed  that  an  embankment  which  on  completion 
will  produce  a  pressure  of  6,000  pounds  per  square  foot, 
is  to  be  constructed  on  the  soil,  at  a  natural  moisture 
content  of  77  percent.  At  this  moisture  content  and 
for  pressures  up  to  n  equals  2,000  pounds  per  square 
foot,  c  equals  1,140  pounds  per  square  foot  and  <£  equals 
4°.  Consolidation  by  the  embankment  pressure  of  6,000 
pounds  per  square  foot  can  be  expected  ultimately  to 
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reduce  the  soil's  moisture  content  to  48  percent;  and  at 
this  moisture  content  it  has  for  normal  pressures  up  to 
6,000  pounds  per  square  foot,  values  of  c  equals  2,960 
pounds  per  square  foot  and  4>  equals  8°. 

Depending  on  the  relative  speeds  of  embankment  con- 
struction and  consolidation  of  the  undersoil,  excessive 
pore  pressures  may  be  produced  which  make  failure  of 
the  undersoil  imminent.  In  such  cases  it  has  been  con- 
sidered advisable  (31)  to  make  use  of  standpipes  inserted 
in  the  undersoil  so  that  the  speed  of  its  consolidation 
can  be  observed. 

Information  required  for  the  intelligent  use  of  such 
standpipes  necessitates  extension  of  the  data,  figure  27, 
to  include  relations  of  s  to  n  up  to  normal  pressures  of 
6,000  pounds  per  square  foot  for  the  samples  which 
contain  both  77  and  58  percent  moisture. 

To  obtain  the  supplementary  data,  shear  tests  must 
be  made  on  samples  at  normal  pressures  greater  than 
the  consolidation  pressures  and  for  this  purpose  the 
open  system  as  used  in  direct  shear  tests  is  impractical, 
because  of  the  rapid  speed  at  which  the  relatively  thin 
samples  used  in  such  tests  consolidate. 

Therefore,  the  closed  system  which  furnishes^ the 
complete  data,  figure  28,  is  deemed  more  suitable.  * 

To  obtain  the  information  given  in  figure  28,  samples 
compacted  at  the  moisture  contents  shown  were  placed 
between  metal  plates  to  simulate  the  closed  system  and 
sheared. 

Determination  of  the  pressures  at  which  the  relations 
of  s  to  n  change,  as  shown  in  figure  28,  is  especially 
important  since  they  indicate  the  upper  limit  of  stresses 
that  can  be  applied  without  causing  the  angle  <j>  of  the 
soil  at  a  particular  moisture  content  to  become  reduced. 

Thus,  the  soil,  figure  28,  at  a  moisture  content  of  30 
percent  has  c  equals  460  pounds  per  square  foot  and 
$  equals  7.4°  for  normal  pressures  up  to  the  limit  of 
n  equals  1,230  pounds  per  square  foot.  At  normal 
pressures  greater  than  n  equals  1,230  pounds  per  square 
foot,  the  shear  stress  became  constant  at  620  pounds 
per  square  foot. 

Change  of  the  soil's  character  with  increase  of  its 
ratio  of  free  water  to  film  moisture  has  long  been  recog- 
nized. As  discussed  elsewhere  (8)  this  ratio  may  L>« 
increased  in  two  ways  as  follows: 

1.  By  increasing  the  moisture  content  of  tlie  soil  at 
constant  pressure. 

2.  By  increasing  the  pressure  on  Ike  soil  at  constant 
moisture  content. 

It  has  been  explained  in  PUBLIC  ROADS  (32)  that 
increasing  the  moisture  content  of  semirigid  soils  at 
constant  pressure  increases  the  ratio  of  free  or  lubricating 
water  to  the  more  viscous  film  moisture,  until  at  mois- 
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Figure    28. — Shear   Strengths   of   Samples   at    Different 
Moisture  Contents,  Using  the  Closed  System. 

ture  contents  above  the  plastic  limit  the  ratio  becomes 
large  enough  to  give  soils  the  properties  of  plastic 
instead  of  semirigid  materials.  In  the  same  publica- 
tion, data  from  tests  of  unconfined  cylinders,  which  are 
triaxial  shear  tests  with  the  lateral  pressure  I  equals  0, 
showed  that  at  moisture  contents  above  the  "critical," 
which  for  plastic  soils  is  the  plastic  limit,  the  samples 
exhibited  little  or  no  additional  strength  with  increasing 
deformations  above  the  resistance  they  had  at  the 
plastic  limit. 

Increasing  the  pressure  (33)  reduces  thicknesses  of 
adsorbed  films  and  therefore,  in  soil  maintained  at 
constant  moisture  content,  causes  the  ratio  of  lubricat- 
ing to  film  moisture  to  be  increased  as  effectively  as 
raising  the  moisture  content  of  soil  at  constant  pressure. 

The  effect  of  pressure  increase  to  reduce  the  lower 
limit  of  moisture  contents  of  soil  in  the  plastic  state 
lias  been  reported  (34). 

Therefore,  the  breaks  in  the  relations  of  s  to  n,  as 
shown,  are  explained  on  the  basis  of  film  phenomena, 
and  for  the  particular  pressures  at  which  they  occurred, 
the  respective  moisture  contents  are  considered  as  the 
critical  moisture  contents. 

What  relation,  if  any,  these  critical  moisture  contents 
bear  to  pressures  required  to  consolidate  the  soil  has 
not  been  disclosed  by  investigations  of  the  consolidation 
characteristics  of  this  soil  made  to  determine  if  any 
such  relation  exists. 

From  the  complete  data,  figure  28,  one  obtains  rela- 
tions of  moisture  content  to  c  and  <j>,  the  stresses  at 
which  tbe  soil  becomes  plastic,  and  the  pore  pressure. 
From  such  relations  and  by  means  beyond  the  scope 
of  this  report,  usable  safe  values  of  c  and  <f>  can  be 
selected  with  respect  to  the  speed  of  consolidation  as 
indicated  by  the  elevations  of  water  in  the  standpipes 
(35)  inserted  in  soft  undersoils. 

SUMMARY 

The  foregoing  presents  essential  features  of  what 
seem  to  be  the  most  promising  methods  of  making 
stabilometer  tests.  It  is  recognized  that  compressed 
air  as  well  as  liquid  may  be  used  to  determine  the 
coefficient,  K,  and  also  that  the  open  system  may  be 
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SAFETY   PROMOTION   ACTIVITIES  OF  THE 
STATE  HIGHWAY  COMMISSION  OF 

WISCONSIN 

By  WILLIAM  F.  STEUBER,  Assistam  Safety  Director,  State  Highway  Commission  of  Wisconsin 


THE  SAFETY  DEPARTMENT  of  the  State  High- 
way Commission  operates  on  a  budget  of  $50,000 
per  year.  At  first  thought  such  a  sum  may  seem 
ample  to  eliminate  highway  accidents  altogether. 
Actually,  to  conduct  a  year's  safety  activity  in  Wis- 
consin expenditures  must  be  made  very  carefully  to  carry 
on  with  $50,000  all  the  activities  that  seem  desirable. 

Wisconsin's  population  is  2,926,000  persons  or 
730,000  families.  There  is  only  1 .7  cents  per  person  or 
6.8  cents  per  family  to  spend  on  safety  education.  A 
letter  to  each  family  twice  a  year,  urging  safe  use  of  the 
highways,  would  consume  the  entire  fund  in  postage 
and  stationery  without  being  an  effective  approach  to 
the  traffic  problem. 

To  use  $50,000  effectively  in  highway  safety  promo- 
tion is  a  real  task.  First  of  all,  the  expenditures  must 
be  pyramidal  in  effect.  That  is,  a  single  expenditure 
must  reach  one  group,  then  another,  and  still  another, 
carrying  a  message  to  each  group.  The  effect  of  funds 
used  to  support  the  school  safety  patrols  is  a  good 
example.  In  Wisconsin,  belts  and  badges  for  school 
safety  patrols  are  supplied  free  to  schools  by  the  State 
Highway  Commission.  Each  outfit,  one  belt  and  one 
badge,  represents  an  investment  of  37K  cents.  Each 
belt  and  badge  identifies  one  boy  as  a  safety  patrolman. 
Before  he  assumes  his  duties  and  goes  about  Ins  patrol 
tasks  he  learns  the  elements  of  pedestrian  safety  in 
traffic.  His  duty  is  to  protect  his  classmates  in 
traffic — they  are  the  second  group  reached. 

Teachers  in  the  schools  are  also  reminded  of  traffic 
dangers  as  they  guide  the  safety  patrols  in  their  work, 
thus  the  teachers  make  up  the  third  group.  The 
school  children  tell  about  the  school  patrol  to  smaller 
children,  thereby  reaching  a  fourth  group.  The  school 
patrol  is  discussed  at  home,  reaching  the  fifth  group, 
the  parents.  Motorists  passing  the  school  see  the 
safety  patrols  at  work — a  sixth  and  very  large  group  is 
reached.  Pedestrians  who  walk  past  the  school  and 
see  the  patrol  boys  on  duty  make  up  a  seventh  group. 

Thus,  for  an  expenditure  of  37)2  cents,  at  least  seven 
different  groups  of  people  are  reached.  But  the  py- 
ramidal effect  does  not  end  here.  At  the  close  of  the 
school  year  the  boy  turns  in  his  belt  and  badge  and  the 
next  school  year  another  boy  uses  them,  a  new  class  is 
protected,  new  parents  are  brought  face  to  face  with  a 
safety  activity,  and  a  new  pyramid  is  started,  all 
financed  by  the  original  expenditure  of  37%  cents. 

Compilation  and  use  of  accident  statistics  produces  a 
pyramidal  effect  since  they  are  used  by  speakers,  in 
newspapers,  and  over  the  radio.  Creation  of  county 
safety  councils  to  conduct  local  safety  programs  out- 
lined by  the  Department  carries  on  the  idea  of  pyramid- 
ing. So  does  the  use  of  motion  pictures— films  can  be 
projected  time  after  time  with  low  upkeep  cost.  1  hiver 
testing  equipment  requires  little  expenditure  after  the 
initial  cost  is  paid,  and  is  used  by  group  after  group. 
Each  proposed  activity  of  the  Safety  Department  is 
judged  on  its  pyramidal  value,  its  ability  to  reach  more 
and  more  people  cheaply  and  effectively. 


The  highway  safety  program  in  Wisconsin  is  planned 
for  an  attack  on  the  traffic  problem  at  sources  of  trouble. 
The  State  is  concerned  with  the  education  of  the  driver, 
the  pedestrian,  and  the  school  child.  To  make  the 
driver  and  the  pedestrian  and  the  school  child  realize 
the  extent  and  seriousness  of  the  accident  problem,  to 
teach  them  all  that  accidents  are  the  result  of  human 
failings,  to  get  them  to  conduct  themselves  properly  in 
any  occasion  to  avoid  accidents,  all  are  functions  of  the 
Safety  Department  of  the  State  Highway  Commission. 

ACCIDENT  STATISTICS  USED  IN^PLANNING  SAFETY   WORK 

Accident  records  and  statistics. --In  Wisconsin,  traffic 
accidents  that  result  in  a  human  fatality  or  injury,  or  in 
property  damage  in  excess  of  $50  must,  by  law,  be  re- 
ported to  the  State  Highway  Commission  within  48 
hours.  The  compilation  and  analysis  of  the  data  in 
these  accident  reports  is  a  main  function  of  the  Safety 
Department.  Statistical  studies  are  made  to  determine 
what  accident-producing  factors  deserve  the  most  atten- 
tion in  safety  promotional  work.  Individual  reports  are 
strictly  confidential,  but  the  statistics  of  accidents  are 
made  public.  Much  material  for  newspaper  articles, 
lectures,  and  radio  talks  is  derived  from  these  statistics. 
Many  special  statistical  studies  are  made  available  to 
legislative  committees,  to  other  State  departments,  to 
localities  and  communities,  and  to  groups  and  individ- 
uals whose  special  research  may  require  an  analysis 
apart  from  the  regular  tabulations.  In  several  in- 
stances, detailed  studies  have  been  made  for  persons 
desiring  to  use  the  material  in  the  preparation  of  theses, 
and  in  preparing  technical  papers  or  articles  for  pro- 
fessional publications. 

Facts  and  trends,  as  shown  by  these  statistical  stud- 
ies, are  used  by  the  Safety  Department  to  identify  the 
places  where  intense  safety  activity  is  necessary  and  to 
determine  the  type  of  safety  activity  most  urgently 
needed.  Statistics  are  often  considered  dull  by  the 
general  public,  but  they  are  a  necessary  foundation  in 
carrying  on  a  comprehensive  highway  safety  program. 

County  safety  councils. — The  basic  organizations  for 
highway  safety  promotion  in  Wisconsin  are  the  county 
safety  councils.  Each  of  the  71  counties  of  the  State 
has  its  own  safety  council  that  meets  regularly  and 
studies  the  safety  needs  of  the  county.  The  council  is 
organized  by  and  functions  under  the  Safety  Depart- 
ment of  the  State  Highway  Commission.  It  consists 
of  a  general  chairman,  a  general  secretary,  and  chair- 
men of  committees  of  engineering,  enforcement,  educa- 
tion, and  publicity.  Its  members  are  civic-minded 
persons  who  work  without  pay  for  the  betterment  of 
their  community.  Each  council  accepts  as  its  duty  a 
study  of  community  safety  needs  and  suggests  to 
governing  bodies  solutions  of  local  traffic  difficulties. 
Tt  helps  to  provide  a  better  understanding  between  the 
public,  the  traffic  enforcement  officials,  and  the  courts. 
It  counsels  the  local  populace  repeatedly  in  proper 
behavior  of  both  driver  and  pedestrian  to  prevent  local 
traffic  accidents. 
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Through  the  county  safety  councils  safety  programs 
are  arranged  in  schools,  at  luncheon  clubs,  at  civic  and 
service  meetings,  in  P.  T.  A.  groups,  and  in  fraternal, 
industrial,  and  religious  groups.  Safety  exhibits,  meet- 
ings, parades,  and  campaigns  are  planned  and  executed 
by  these  councils.  They  maintain  speaker  bureaus  and 
spot  maps;  they  prepare  safety  addresses  and  supply 
safety  news  releases  to  the  local  papers;  and  they  com- 
pile statistics  on  the  traffic  accidents  occurring  in  their 
county.  Typical  membership  in  the  county  council 
includes  county  judges,  traffic  officials,  school  superin- 
tendents and  principals,  county  highway  commissioners, 
representatives  of  fraternal,  service  and  business  clubs, 
industrial  leaders,  and  professional  men  as  well  as 
those  who  have  no  special  qualifications  other  than  a 
wholesome,  live  interest  in  the  welfare  of  their  com- 
munity. 

Guiding  and  advising  all  the  county  councils  is  the 
Safety  Department.  To  the  county  councils  it  sends 
regular  letters  outlining  suggested  activities,  and  field 
contact  men  who  advise  the  local  officials  and  learn 
their  ideas  to  the  end  that  each  community  benefits 
by  the  experience  and  suggestions  of  all  the  others. 
County  councils  receive  every  aid  the  Safety  Depart- 
ment has  at  its  disposal — statistics;  supplies  of  literature 
for  free  distribution;  special  speakers  from  the  Depart- 
ment; motion  picture  programs  on  safety  with  operator, 
machine,  and  films  furnished;  aid  in  preparing  and 
releasing  safety  publicity;  aid  to  schools  in  conducting 
suggested  study  courses;  and  supplies  for  school  safety 
patrols. 

To  focus  special  attention  on  highway  safety  in  each 
community  of  the  State,  no  method  better  than  the 
county  safety  councils  has  been  found. 

Public  contacts. — The  personnel  of  the  Safety  De- 
partment consists  of  a  safety  director,  an  assistant 
director,  a  supervisor  of  publicity,  an  office  manager,  a 
statistician,  three  district  field  representatives,  a  ste- 
nographer, three  clerks,  a  publicity  assistant,  and  a 
part-time  student  who  serves  as  an  additional  clerk. 

The  director,  the  assistant  director,  the  publicity 
supervisor,  and  the  three  district  field  representatives 
maintain  close  contact  with  the  public  in  safety  pro- 
motional work.  Each  of  these  six  men  is  a  competent 
public  speaker  with  a  background  of  traffic  and  safety 
research  and  experience.  Each  of  the  six  meets  with 
the  county  councils  at  regular  intervals  to  give  advice 
and  to  correlate  their  activities  for  greatest  efficiency. 
Assistance  is  given  in  forming  councils  and  in  keeping 
them  active  and  informed.  Assistance  by  these  men 
is  given  the  county  councils  when  special  programs  of 
motion  pictures  are  desired  in  schools,  at  clubs,  at 
P.  T.  A.  meetings,  or  public  safety  meetings  arranged  by 
the  councils  themselves. 

SAFETY   PROGRAMS  GIVEN  TO  ANY  GROUP    REQUESTING   THEM 

When  a  council  wishes  to  schedule  a  program  on 
highway  safety  with  a  speaker  and  motion  pictures,  ar- 
rangements are.  made  to  supply  them.  County  super- 
intendents of  schools  are  contacted  and  through  them 
arrangements  are  made  to  present  safety  programs  in 
the  schools.  A  45-minute  program  consisting  of  a  15- 
minute  safety  talk  followed  by  30  minutes  of  safety 
movies  is  enthusiastically  received  by  students  from 
elementary  grades  through  senior  high  schools.  Of 
course  any  of  several  different  speeches  and  motion 
pictures  can  be  presented  so  that  the  program  is  in 
keeping  with  the  particular  problems  of  the  audience. 


A  45-minute  program  can  be  given  in  four  schools  a 
day,  two  in  the  forenoon  and  two  in  the  afternoon. 

When  a  Safety  Department  man  comes  into  a  county 
to  conduct  these  programs,  the  local  council  usually 
keeps  him  busy.  It  is  not  unusual  for  a  safety  lecturer 
to  speak  at  four  school  meetings  a  day,  plus  a  luncheon 
club  address  at  noon  and  a  P.  T.  A.  meeting  at  night. 
With  such  a  number  of  meetings  in  a  single  day,  it  is 
imperative  that  the  public  contact  men  have  a  variety 
of  facts  at  the  tips  of  their  tongues,  and  an  ability  to 
blend  those  facts  into  an  interesting  talk.  Of  prime 
importance  is  the  ability  to  sense  immediately  the  in- 
terests of  the  audience  and  to  address  it  in  terms  and 
manner  so  that  the  message  is  vital  to  the  group's  own 
traffic  problems. 

Public  relations  is  an  important  phase  of  the  highway 
safety  program  in  Wisconsin.  Any  group  in  any  part 
of  the  State  may  address  a  penny  post  card  to  the 
Safety  Department  requesting  a  program,  and  that 
program  will  be  provided  at  no  cost  to  the  group. 
P.  T.  A.  groups,  service  clubs,  luncheon  clubs,  chambers 
of  commerce,  fraternal  organizations,  4-H  groups,  boy 
and  girl  scouts,  schools,  traffic  enforcement  bureaus, 
and  industrial  plants  have  availed  themselves  of  this 
service. 

In  1938  public  relations  men  of  the  Safety  Depart- 
ment attended  1,183  meetings.  Of  these  meetings,  515 
were  contacts  with  Safety  Councils,  and  668  were  high- 
way safety  contacts  with  other  groups.  A  total  audi- 
ence of  162,542  persons  was  reached  with  direct  mes- 
sages of  highway  safety.  The  county  safety  councils 
by  themselves  held  3,223  safety  meetings  and  reached 
an  additional  229,106  persons. 

The  Safety  Department  realizes  that  regardless  of 
the  size  of  the  audiences,  all  automobile  drivers  and 
pedestrians  in  the  State  cannot  be  reached  directly. 
In  each  address  the  plea  is  made  for  all  listeners  to 
carry  the  appeal  for  street  and  highway  safety  to  their 
families,  neighbors,  friends,  and  co-workers.  How  ex- 
tensively this  is  actually  done  depends  in  large  part 
upon  the  quality  of  the  program  presented  and  the 
competence  of  the  speaker  to  present  his  ideas  in  a 
manner  that  generates  an  urge  to  carry  the  message 
further.  With  a  reduction  of  10.5  percent  in  all  traffic 
accidents  in  the  State  and  a  fatality  reduction  of  23 
percent  in  1938  as  compared  to  1937,  it  is  felt  that  the 
accident-prevention  work  of  the  county  and  State 
organizations  has  been  effective  and  a  worthwhile 
investment. 

Driver  testing  equipment. — Owing  to  the  importance 
of  agriculture  in  Wisconsin,  county  fairs  and  the  State 
fair  are  prominent  occasions  in  the  State.  When  plans 
for  fairs  are  being  made,  the  county  safety  councils 
appeal  to  the  Safety  Department  for  aid  in  promoting 
highway  safety  by  means  of  a  dignified  yet  striking 
display.  To  comply  with  these  requests,  three  sets  of 
driver  testing  equipment  have  been  assembled. 

The  driver  testing  equipment  has  been  designed  to 
bring  a  concrete  representation  of  the  problems  of 
automobile  driving  to  an  individual  without  taking 
him  onto  the  highway.  Fundamentally  it  is  similar  to 
the  testing  equipment  used  by  automobile  associations, 
insurance  companies,  and  others.  Briefly,  each  person 
who  takes  the  test  is  subjected  to  eye  examinations,  to 
a  glare  test,  to  a  distance  judgment  test,  to  a  coordi- 
nation test  which  measures  how  well  the  body  responds 
to  what  the  eyes  see,  and  to  a  test  of  knowledge  of 
Wisconsin  traffic  laws.  Each  of  these  tests  is  ex- 
plained in  its  relation  to  actual  traffic  on  tbe  highway. 


September  1939 


PUBLIC  ROADS 


147 


School  Children  Are  Educated  in  Traffic  Safety  by  Means  of  School  Patrols,  Lectures,  Movies,  and  Instruction  in 

Safe  Practices  for  Bicyclists  and  Pedestrians. 


A  score  sheet  is  kept  for  each  individual.  At  (lie  close 
of  the  test  the  operator  in  charge  analyzes  each  per- 
son's score.  If  defects  are  found  the  individual  is  told 
what  they  are  and  how  to  compensate  for  them  in  the 
interests  of  safety. 

Operation  of  the  driver  testing  equipment  is  the 
most  elaborate  and  spectacular  safety  activity  of  the 
Safety  Department.  In  1938  the  driver  testing  equip- 
ment was  used  in  52  Wisconsin  localities  and  tests  were 
given  to  ]  0,428  persons.  It  is  felt  that  the  tests 
benefit  both  the  persons  actually  reached  and  the 
thousands  who  also  learn  a  few  new  traffic  facts  as 
they  watch  their  friends  go  through  the  lines.  Further 
benefits  are  derived  through  newspaper  articles  based 
on  the  results  of  the  tests  in  each  locality.  Individual 
test  results  are  kept  confidential,  but  publicity  is  given 
to  the  scores  obtained  in  each  community  as  well  as  to 
facts  disclosed  by  the  tests.  For  example,  the  tests 
showed  that  one  man  out  of  every  twelve  tested  was 
color  blind  to  the  extent  that  traffic  lights  may  be 
confusing. 

The  driver  testing  equipment  is  valuable  in  safety 
promotion  because  it  creates  an  urge  for  persons  to  try 
it;  it  is  curiosity  pro  voiding  to  onlookers;  it  creates 
safety  publicity  material;  and  it  reveals  typical  char- 
acteristics of  drivers. 

School  contacts. — It  is  the  belief  of  the  Safety  Depart- 
ment that  every  effort  to  promote  safety  education  in 
the  schools  will  have  a  beneficial  effect  on  the  traffic 


picture  of  the  future  Because  the  achievement  of 
traffic  safety  requires  continued  efforts  over  a  long 
period  of  time  rather  than  a  quick  flash  of  brilliance,  the 
logical  place  to  build  for  the  future  is  in  the  schools. 
The  drivers  and  pedestrians  of  tomorrow  are  the  school 
children  of  today.  The  Safety  Department  therefore 
feels  that  its  most  effective  work  can  be  accomplished 
through  promoting  safety  education  in  the  schools  of 
Wisconsin. 

School  safety  patrols  have  become  quite  generally 
accepted  throughout  the  Nation  as  an  effective  and 
necessary  safeguard  to  protect  school  children  from 
traffic.  In  Wisconsin,  the  school  safety  patrols  arc 
directly  sponsored  by  the  Safety  Department,  and  the 
belts  and  badges  for  safety  patrols  are  given  to  the 
schools  by  the  Highway  Commission.  The  badges  bear 
the  name  of  the  Commission.  Each  school  requesting 
safety  patrol  supplies  gets  more  than  just  the  belts  and 
badges.  Detailed  directions  for  the  establishment  of 
the  patrol  are  included  as  well  as  descriptions  of  the 
exact  duties  of  the  patrol  members. 

In  six  months  of  State  sponsorship,  Wisconsin  schools 
have  been  supplied  with  over  4,500  belts  and  a  like 
number  of  badges.  In  many  of  the  counties,  belts  and 
badges  are  first  turned  over  to  the  county  traffic  officer. 
He  visits  the  school,  gives  a  lecture  on  the  duties  of 
school  patrols,  gives  a  talk  to  the  student  body  on 
cooperation  with  the  patrol  for  safety,  pins  the  badges 
on   the   members,  and   presents   to   each    member  an 
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official  certification  card  bearing  a  pledge  of  office  and 
a  list  of  ten  patrol  duties.  These  cards  are  also  supplied 
by  the  Highway  Commission,  and  are  signed  by  a 
representative  of  the  Safety  Department  and  counter- 
signed by  the  enrolling  officer  and  the  school  principal. 
Tbe  entire  ceremony  gives  an  air  of  official  standing  to 
the  school  patrol,  and  goes  far  toward  making  each 
member  fully  cognizant  of  his  duty  and  the  other  school 
children  more  respectful  of  each  patrolman's  authority. 

LITERATURE  ON  HIGHWAY  SAFETY   WIDELY   DISTRIBUTED 

Many  excellent  safety  pamphlets  are  available  for 
free  distribution  by  the  insurance  companies,  automo- 
bile companies,  and  automobile  associations.  The 
Safety  Department  receives  large  supplies  of  this  liter- 
ature. It  has  prepared  a  bibliography  appraising  the 
value  of  much  of  this  material,  and  distributes  it  in 
quantity  to  any  school  in  the  State  on  request.  This 
literature  is  excellent  reference  material  for  teachers 
and  students.  Lesson  sheets  and  posters  are  also  dis- 
tributed throughout  the  State  by  the  Safety  Depart- 
ment. 

Members  of  the  Safety  Department  are  frequently 
asked  to  address  State,  district,  and  county  conventions 
of  school  boards  and  teachers.  During  these  contacts, 
many  teachers  have  asked  aid  in  preparing  courses  of 
study  in  highway  safety.  Individual  or  group  as- 
sistance is  always  given. 

In  keeping  with  modern  trends  in  education,  an 
increasing  emphasis  has  been  placed  on  motion  pic- 
tures as  an  aid  in  teaching  highway  safety.  The 
Safety  Department  has  a  library  of  56  reels  of  16- 
millimeter  films  on  street  and  highway  safety.  Both 
sound  and  silent  films  are  available  on  a  free  loan  basis 
to  any  school  equipped  with  suitable  projectors. 
.Schools  without  projectors  have  equal  opportunity  to 
receive  motion-picture  programs,  for  the  Safety  De- 
partment has  five  portable  projectors  which  handle 
either  sound  or  silent  films.  To  avail  itself  of  a  pro- 
gram, any  school  without  a  projector  contacts  either 
its  county  safety  council  or  the  Safety  Department 
directly,  and  one  of  the  public  relations  men  of  the 
Department  brings  the  program  to  that  school  and  to 
as  many  others  in  the  county  as  he  can  reach  in  the 
time  he  has  available  in  that  area. 

The  Safety  Department  in  1938  sponsored  a  contest 
for  the  best  courses  in  safety  study  arranged  by  school 
officials  for  use  within  their  schools.  Awards  of  silver 
shields  mounted  on  wall  plaques  were  made  for  the 
best  course  for  city  schools,  the  best  course  for  rural 
schools,  and  for  the  best  course  offered  in  vocational 
schools.  Awrards  were  made  by  the  safety  director 
of  the  State  Highway  Commission  at  the  annual 
convention   of  the  Wisconsin   Education  Association. 

Courses  in  safety  education  in  three  State  normal 
schools  were  offered  for  credit  in  1938.  These  courses 
were  organized  by  the  schools  with  the  assistance  of  the 
Safety  Department.  During  1939  several  more  normal 
schools  are  offering  such  courses.  Providing  advance 
training  to  those  wrho  will  teach  is  of  extreme  importance 
to  the  future  of  safety  education. 

From  the  accident  reports  coming  in  to  the  Safety 
Department  an  unusual  and  effective  safety  textbook 
has  been  compiled.  One  hundred  different  typical 
highway  accidents  have  been  selected  for  inclusion. 
Names  of  characters  and  locations  have  been  changed 
to  fictitious  ones,  but  the  circumstances  of  each  acci- 
dent and    the  street  or  highway  lay-out  have  been 


retained  exactly  as  in  the  accident  report.  Each  of 
these  100  accident  cases  has  been  repeated  on  a  page 
of  the  textbook,  complete  with  a  diagram  of  the  acci- 
dent, an  explanation  of  how  it  happened,  and  a  sum- 
mary of  the  injuries  and  damages.  Concluding  each 
case  are  questions  of  this  type:  Why  did  the  accident 
happen?  Who  was  to  blame?  How  could  this  acci- 
dent have  been  avoided? 

A  section  of  the  book  preceding  the  case  studies  is 
devoted  to  a  summary  of  Wisconsin  traffic  laws. 
Following  the  case  studies  are  150  questions  on  traffic 
laws  and  safety  practices.  None  of  the  questions  is 
answered  in  the  book,  but  a  set  of  answers,  prepared 
by  a  committee  of  Wisconsin  traffic  judges,  is  available 
to  teachers.  This  textbook  is  entitled  "Traffic  Acci- 
dents— Their  Causes  and  Their  Prevention."  It  is 
supplied  in  quantity  to  high  schools,  normal  schools, 
vocational  schools,  and  individuals,  free  of  charge. 
The  popularity  of  the  book  is  evidenced  by  the  demand 
for  it.  In  1938,  30,000  copies  were  supplied  to  Wis- 
consin schools.  A  1939  edition  of  35,000  copies  will  be 
almost  entirely  used  up  in  filling  orders  ahead}*  on  hand. 

The  Safety  Department  is  devoting  much  of  its  time, 
energies,  and  money  to  safety  education  in  the  school 
systems.  A  triple  purpose  is  served  when  school 
children  are  educated  in  highway  safety — greater  safety 
will  be  assured  for  the  future,  immediate  results  are 
obtained  in  greater  safety  for  the  youth  of  today,  and 
much  of  the  material  presented  to  children  is  repeated 
at  home  for  the  adults  and  parents  to  think  about. 

Enforcement  aids. — One  of  the.  most  necessary  aids  to 
a  comprehensive  highway  safety  program  is  the  work 
of  the  traffic  officer.  The  Safety  Department  has  no 
direct  authority  over  the  county  traffic  officers  or  the 
city  traffic  departments  of  the  State,  yet  cooperation 
and  help  from  these  men  has  been  outstanding  in 
quality.  Because  efficient  enforcement  tends  to  reduce 
the  number  of  accidents,  the  Safety  Department  has 
exerted  its  influence  to  effect  employment  of  traffic 
officers  in  counties  that  have  previously  been  without 
them.  In  many  cases  where  officers  have  been  em- 
ployed, the  Safety  Department  has  conducted  civil- 
service  examinations  so  that  choice  of  men  employed 
was  made  entirely  upon  ability  and  experience. 

The  help  of  the  Safety  Department  has  not  ended 
with  aid  in  employing  a  traffic  officer.  Present-day 
enforcement  is  not  confined  to  arresting  violators  and 
investigating  accidents.  The  modern  traffic  officer  is 
wholeheartedly  engaged  in  safety  education  as  well  as 
in  enforcement.  In  this  work  of  education,  the  traffic 
officer  visits  schools,  addresses  clubs  and  safety  meet- 
ings, frequently  prepares  articles  for  the  press,  and  often 
participates  in  radio  programs.  In  all  of  these  contacts 
the  services  of  the  Safety  Department  are  at  his  dis- 
posal— accident  statistics,  posters,  literature,  school 
safety  patrol  belts  and  badges,  motion  picture  films, 
and  assistance  in  preparing  speeches  and  news  releases. 

TRAFFIC  SCHOOL  OF  BENEFIT  TO  ENFORCEMENT  OFFICIALS 

Competent  traffic  enforcement  is  a  highly  exacting 
task  calling  for  excellent  qualities  of  personal  efficiency 
and  judgment.  Heretofore  the  officer  who  had  those 
qualities  did  his  work  in  a  manner  meeting  with  the 
approval  of  the  motorist  and  the  community;  the  officer 
who  lacked  them  was  seriously  handicapped  and  means 
were  lacking  for  adequate  training.  The  traffic  officers 
themselves  were  the  first  to  realize  that  regular  training 
schools  for  traffic  officers  would  help  raise  the  general 
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A  Driver  Clinic,  Consisting  of  Various  Tests  to  Determine  a  Person's  Fitness  to 
Throughout  the  State,  and  Brings  the  Message  of  Highway  Safety  to  Thousands. 
Lanes  for  Free  Brake  Inspection  Is  One  of  the  Acth  ities  of  the  Count's  Safety  ( 
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level  of  officer  efficiency.  When  the  idea  of  conducting 
district  traffic  schools  for  officers  was  discussed  with 
them,  they  endorsed  the  plan  with  enthusiasm.  So  did 
the  county  officials  under  whom  the  traffic  officers 
work,  as  well  as  city  officers,  chiefs  of  police,  mayors, 
and  traffic  justices  and  judges. 

A  traffic  school  has  been  organized  and  operates  as 
follows:  The  State  is  divided  into  nine  districts  corre- 


sponding to  the  nine  division  areas  of  the  .Slate  Highway 
Commission.  Montldy  schools  are  held  in  each  of  these 
divisions.  All  persons  directly  interested  in  traffic 
enforcement  are  invited  to  attend,  from  village  mar- 
shals to  county  judges.  One  subject  is  covered  at  each 
meeting,  in  lecture  by  competent  authorities  and  in 
supervised  discussion  by  those  in  attendance.  Typical 
subjects  covered   in   these  meetings  are:  Accident  in- 
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vestigation — obtaining  evidence,  use  of  photography 
and  measurements,  how  to  keep  records  efficiently, 
first-aid  studies;  public  relations — appearance  of  officer, 
approach  to  a  traffic  violator,  how  to  get  cooperation 
from  witnesses,  conduct  on  and  off  the  job,  public 
speaking  hints;  court  procedure — filing  and  presenting 
complaints,  the  officer's  relation  to  the  court,  the  rules 
of  admissible  evidence;  and  selective  enforcement — 
use  of  spot  maps  as  reference  to  accidents,  patrolling 
high-accident  areas,  checking  physical  hazards,  check- 
ing vehicles. 

Wisconsin  traffic  accident  statistics  show  that  51 
percent  of  the  accidents  are  caused  by  violations  of 
1 1  affic  laws.  With  the  traffic  officers  working  to  familiar- 
ize the  citizens  with  i\\o  traffic  laws,  and  with  improvement 
in  enforcement  methods  continuing,  even  further  reduc- 
tions in  traffic  accidents  and  fatalities  should  result. 

Publicity. — Highway  safety  cannot  advance  unless 
the  citizenry  is  aroused  to  a  realization  of  how  acute 
the  problem  actually  is.  Concrete  suggestions  for  im- 
proved driving  habits  and  for  better  pedestrian  behav- 
ior must  get  to  the  general  public.  The  Safety  Depart- 
ment receives  excellent  cooperation  from  the  newspa- 
pers, both  dailies  and  weeklies.  Practically  every  Wis- 
consin newspaper  contains  at  least  one  good  news  story 
each  issue  on  some  phase  of  the  traffic,  problem. 

However,  the  newspapers  themselves  rarely  originate 
stories  on  accident  prevention.  The  news  value  of 
highway  safety  information  is  not  apparent  to  most 
reporters;  or  if  it  is,  the  reporters  often  do  not  have 
the  technical  background  to  offer  concrete  suggestions 
of  solution. 

Of  necessity  highway  traffic  news  stories  with  an 
accident-reduction  theme  must  originate  from  a  source 
that  has  accident  facts  and  highway  information  read- 
ily available.  Such  a  news  source  must  be  in  constant 
contact  with  those  who  are  actively  engaged  in  high- 
way safety  work.  The  publicity  section  of  the  Safely 
I  )epartmen1  is  therefore  a  vital  part  of  the  organization. 

Publicity  is  directed  through  several  channels.  The 
Department  publishes  "Safety  News,"  a,  monthly  mag- 
azine containing  items  on  the  activities  of  the  county 
safety  councils,  suggested  plans  of  activity  for  accident 
reduction,  and  presenting  the  latest  State  and  local  acci- 
dent- statistics  and  analyses.  This  magazine  is  distrib- 
uted free  within  the  State  to  the  county  safety  councils, 
school  authorities,  county  highway  departments,  traffic 
officials,  and  city  authorities.  It  is  also  sent  outside  the 
State  to  safety  workers  in  the  departments  of  other 
States  and  to  Federal  departments,  including  the  Li- 
brary of  Congress.  Its  circulation  is  now  5,500  copies 
and  is  increasing  rapidly. 

News  releases  are  prepared  daily  and  are  mailed  to 
every  newspaper  within  the  State.  Articles  of  a  gen- 
eral safety  nature  and  special  releases  dealing  with  par- 
ticular local  problems  are  prepared.  Use  of  this  mate- 
rial has  been  almost  universal. 

The  State  Highway  Commission  subscribes  to  a  clip- 
ping service.  _  By  tabulating  the  clippings  of  its  stories 
as  they  come  in,  the  Commission  has  an  accurate  picture 
of  the  extent  its  releases  are  used  by  the  newspapers. 
\  ox}  often  a  story  sent  out  as  a.  news  release  is  published 
in  the  form  of  an  editorial  -infallible  evidence  that  the 
material  submitted  was  of  vital  interest,  to  the  com- 
munity. 

^  Newspapers  place  a,  high  value  on  printed  pictures. 
The  Safety  Department  releases  photographs  of  unusual 
accidents  or  of  outstanding  safety  activities  at  least  once 
a  week.     For  convenience,  these  photographs  arc  sub- 


mitted to  the  papers  as  mats  so  they  can  be  printed  at 
no  great  expense. 

Publicity  on  traffic  safety  has  other  outlets.  For 
distribution  at  county  safety  council  exhibits  and  dis- 
plays at  fairs,  conventions,  expositions,  and  general 
meetings,  the  Safety  Department  has  prepared  many 
types  of  handout  literature.  One  is  "An  invitation 
to  drive  home  safely — we  want  you  with  us  at  our  next 
meeting."  Another  is  a  brochure  in  color  reviewing 
the  types  of  highway  signs — what  each  one  means  and 
where  they  are  located.  Another  is  a  card  illustrating 
approved  hand  signals  for  turning  and  stopping. 
Each  publication  is  short  and  to  the  point,  designed 
to  carry  one  message  since  persons  visiting  a  fair  or 
exposition  will  not  spend  time  reading  a  lengthy 
article. 

RADIO  PROGRAMS  ON  HIGHWAY  SAFETY  GIVEN 

No  modern  approach  to  the  public  is  complete  with- 
out extensive  use  of  the  radio.  In  Wisconsin  the  radio 
stations  have  cooperated  generously  in  furthering  the 
State  Highway  Commission's  safety  activities.  Each 
week  end  six  1-minute  radio  scripts  on  highway  safety 
are  prepared  and  sent  to  each  of  the  19  radio  stations 
in  the  State.  The  scripts  are  written  as  traffic  warnings, 
each  one  stressing  some  pertinent  danger.  A  survey 
of  the  use  of  these  warnings  by  the  radio  stations 
reveals  that  they  are  broadcast  at  those  times  of  day 
when  radio  audiences  are  at  the  maximum.  The  19 
Wisconsin  radio  stations  are  so  located  throughout  the 
State  that  every  community  is  reached  by  one  or  more 
stations. 

Longer  radio  programs,  addresses  running  up  to  15 
minutes  in  length,  are  prepared  at  intervals  and  are 
submitted  to  the  county  councils  that  have  access  to 
radio  stations.  Local  speakers  present  the  addresses 
over  their  local  stations. 

Radio  broadcasts  are  of  great  value  in  reaching 
citizens  who  do  not  or  cannot  attend  safety  meetings. 
Since  radio  stations  receive  their  operating  licenses  wit  h 
the  stipulation  that  they  offer  their  services  for  the 
public  good,  no  radio  station  charges  for  the  time 
devoted  to  safety  promotion  work. 

That  press  and  radio  are  effective  in  carrying  safety 
messages  to  the  motorists  is  revealed  by  experience 
over  holiday  periods  such  as  Memorial  Day,  the  Fourth 
of  July,  and  the  Labor  Day  week  end.  In  the  year 
1937  accidents  showed  a  marked  increase  over  1936, 
yet  on  those  three  holidays  in  1937  there  were  less 
than  half  the  fatalities  there  had  been  in  1936.  The 
only  explanation  for  the  decrease  on  these  days  of 
heavy  traffic  was  th'at  the  intense  publicity  campaign 
in  press  and  radio  and  by  traffic  police  had  been  heeded, 
resulting  in  greater  motoring  care  over  the  holidays. 
Again  in  1938  on  those  same  holidays  there  was  a 
further  reduction  over  the  1937  record — a  percentage 
of  reduction  greater  than  the  general  reduction  for  the 
whole  year.  Of  course  the  campaign  in  press  and 
radio  and  by  traffic  police  was  repeated  and  enlarged 
for  the  1938"  holidays. 

Motion  pictures. — The  State  Highway  Commission 
of  Wisconsin  believes  strongly  in  the  value  of  motion 
pictures  as  an  effective  aid  in  safety  education.  The 
elements  of  traffic — drivers,  vehicles,  pedestrians, 
streets,  highways — all  are  ideal  material  for  motion 
pictures.  More  concrete  suggestions  for  traffic  improve- 
ment can  be  packed  into  an  1 1-minute  film  than  can 
be  described  in  2  hours  by  a  speaker. 
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Safety  Contests,  Spot  Maps  of  Traffic  Accidents,  and  Displays  of  Accident  Statistics  Are  A  Few  of  the  Means  Used  by 
the  County  Safety  Councils  and  the  Safety  Department  in  Furthering  Street  and  Highway  Safety. 


The  Safety  Department  has  five  portable  motion 
picture  sound  projectors  in  constant  use  and  a  film 
library  of  56  reels  of  motion  pictures.  Each  of  the 
three  district  field  supervisors  has  a  projector  and  the 
other  two  are  used  by  the  men  working  out  of  the  main 
office.  In  schools  or  at  adult  meetings  where  these 
men  appear,  the  programs  they  present  begin  with  a 
short  address  on  pertinent  facts  on  accidents  and 
suggestions  for  their  prevention.  Motion  pictures 
make  up  the  remainder  of  the  program.  Films  not  in 
use  by  Department  representatives  are  available  for 
free  loan  to  any  group  in  the  State  requesting  them. 
Schools,  service  and  fraternal  clubs,  safety  com 


industrial  plants,  and  others  have  borrowed  these 
films.  In  1938  alone  the  films  were  shown  to  a  total 
audience  of  more  than  400,000  persons. 

The  Department's  film  library  is  made  up  of  sound 
and  silent  reels  on  a  loan  basis  from  automobile  com- 
panies, insurance  companies,  and  automobile  chilis  as 
well  as  many  films  it  has  purchased  outright  from  the 
producers.  The  Department  does  not  distribute  films 
that  are  obviously  advertising  in  nature,  but  it 
does  not  object  to  the  mention  of  a  commercial 
concern  as  sponsor  to  the  picture  if  the  film  is  pri- 
marily one  of  good  safety  practices  presented  in  a 
friendly  manner. 
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MOTION  PICTURE  FILMS  ON  HIGHWAY  SAFETY  PRODUCED  BY  THE 
COMMISSION 

Supplementing  the  films  available  by  purchase  or 
loan  from  outside  sources,  the  State  Highway  Com- 
mission produces  motion  pictures  of  its  own.  No 
attempt  is  made  to  film  subjects  already  covered  by 
available  films.  The  Commission's  motion  picture 
productions  deal  with  subjects  especially  vital  to  its 
program  of  accident  prevention.  The  motion  pictures 
produced  by  the  Safety  Department  had  a  1938 
circulation  of  4  12  bookings,  reaching  a  total  audience 
of  71,000  persons.  One  film,  "Wisconsin  School  Safety 
Patrols,"  shows  how  school  children  must  avoid  traffic 
when  no  protection  is  provided.  Then  in  contrast 
it  shows  how  safety  is  provided  by  an  efficient  school 
safety  patrol.  Pictures  of  the  operations  of  many 
Wisconsin  school  patrols  are  also  shown.  This  film 
is  excellent  to  take  into  a  community  to  show  what  can 
he  done  by  establishing  a  patrol. 

More  than  one-third  of  the  persons  killed  in  traffic 
accidents  in  Wisconsin  are  pedestrians.  To  plead  for 
improved  pedestrian  habits  the  Department  has 
produced  the  motion  picture,  "We  Who  Walk."  A 
picture  of  pedestrians,  this  film  shows  how  pedestrians 
walk  into  trouble.  The  pictures  was  filmed  in  Wis- 
consin and  shows  pedestrians  jaywalking,  roaming 
behind  parked  cars,  crossing'  the  street  in  midblock,  and 
loitering  in  the  street.  The  pedestrians  themselves 
show  by  their  careless  actions  why  they  are  so  frequently 
hit  by  automobiles.  The  film  closes  by  showing  correct 
pedestrian  behavior  under  all  conditions  in  city  and 
country. 

"Safety  News"  is  another  film  produced  by  the  State 
Highway  Commission.  It  is  a  news-reel  type  of  pro- 
duction showing  the  results  of  traffic  accidents  through- 
out the  State.  Safety  activities  to  prevent  traffic  acci- 
dents by  various  county  safety  councils  are  shown  in 
story  form — a  parade  in  one  county,  a  unique  driver 
testing  device  in  another,  traffic  control  in  a  third,  and 
a  brake  testing  lane  in  a  fourth.  The  film  closes  with 
a  plea  for  comprehensive  safely  activity  in  all  com- 
munities. 

"Driving  Hazards"  shows  in  pictures  the  usual  and 
some  unusual  conditions  each  Wisconsin  motor-vehicle 
operator  must  encounter  in  the  course  of  his  driving. 

"Watch  the  Road  Signs"  is  an  all-color  film  showing 
the  history  of  highway  signs  and  the  meaning  of  sign 
types  now  in  use.  The  picture  opens  showing  Indians 
marking  their  trails.  The  horse-and-buggy  days  follow, 
showing  travelers  asking  their  way.  Early  crossroad 
signs  are  shown;  signs  which  were  often  inadequate  to 
keep  the  early  motorist  from  taking  the  wrong  road. 
Then  in  contrast  the  modern  highway  with  its  com- 
prehensive sign  system  is  shown.  The  film  continues 
with  pictorial  explanations  of  each  type  of  sign,  clearly 
showing  how  each  type  differs  in  purpose  and  in  appear- 
ance from  the  others.  It  closes  with  an  appeal  to 
drivers  to  be  guided  by  the  highway  signs. 

The  program  of  motion  picture  production  by  the 
Safety  Department  calls  for  four  pictures  per  year. 
Contemplated  productions  for  the  future  are  on  the 
subjects  of  bicycling,  traffic  enforcement,  and  a  news- 
reel  of  unusual  safety  activities  in  1939. 

The  Safety-Department  uses  only  16-millimeter 
films,  as  that  size  has  become  the  standard  for  non- 
theatrical  motion  pictures.  The  Department  has  its 
own  motion  picture  camera  complete  with  supplemen- 


tary lenses,  film  magazines,  and  titling  and  editing 
equipment.  Because  of  the  increasing  use  of  motion 
pictures  in  schools,  in  industry,  and  at  public  gather- 
ings, motion  pictures  on  highway  safety  will  in  the 
future  have  more  outlets  and  reach  more  people.  A 
recent  survey  of  safety  aids  to  teachers,  made  by  the 
National  Education  Association,  revealed  that  "more 
good  films  on  safety"  was  recorded  as  a  need  by  more 
than  50  percent  of  the  teachers.  The  Safety  Department 
is  attempting  to  do  its  share  in  supplying  that  need. 

('(inclusion. — In  1938  there  were  23  percent  fewer 
fatal  highway  accidents  in  Wisconsin  than  in  1937. 
This  represents  a  saving  of  203  lives.  Injuries  in  traffic 
accidents  were  reduced  8.1  percent  wdiile  all  accidents, 
including  those  involving  only  property  damage,  were 
reduced  10.5  percent. 

How  much  do  traffic  accidents  in  Wisconsin  cost? 
If  a  human  life  is  valued  at  $10,000,  if  an  average 
injury  cost  of  $500  is  taken,  and  if  $150  property  damage 
is  assumed  for  each  reportable  accident,  then  the  1937 
traffic  accident  cost  was  $14,773,500.  This  amounts  to 
$5.05  for  every  person  in  the  State.  Figured  on  the 
basis  of  cost  per  motor  vehicle  (1937  registration  was 
871,592  vehicles)  accidents  in  1937  cost  $16.95  per 
vehicle — a  cost  greater  than  the  average  Wisconsin 
motor-vehicle  license  fee. 

On  the  same  basis  of  valuation,  accidents  in  1938 
cost  Wisconsin  $12,220,350.  The  reduction  of  traffic 
accidents  and  fatalities  in  1938,  figured  on  the  above 
scale,  saved  $2,553,150.  The  Safety  Department  oper- 
ates on  a  budget  of  $50,000  per  year.  .  Thus  for  every 
State  dollar  spent  in  highway  safety  promotional  work, 
a  saving  of  $51.06  in  reduced  accidents  was  accom- 
plished in  1938.  On  the  basis  of  population,  the  expend- 
iture of  1.7  cents  per  person  in  1938  saved  each  citizen 
87  cents,  reducing  his  annual  highway-accident  cost 
from  $5.05  to  $4.18.  The  reduction  in  costs  of  traffic 
accidents  to  each  motor  vehicle  (1938  registration  wras 
857,794  vehicles)  was  $2.70,  bringing  the  annual  traffic- 
accident  cost  from  $16.95  down  to  $14.25  per  motor 
vehicle. 

The  problem  of  bringing  a  definite  highway  safety 
program  to  each  citizen  on  a  budget  of  1  cent  and  7 
mills  per  person  has  been  no  easy  task.  To  reach 
almost  3,000,000  persons  on  a  total  appropriation  of 
$50,000  calls  for  a  careful  appraisal  of  each  activity  to 
see  that  it  reaches  the  greatest  number  of  persons  in  the 
most  direct  maimer  to  convince  them  that  careful 
driving  is  good  common  sense.  The  greatest  return  in 
safety  for  the  least  expenditure  has  been,  and  will 
continue  to  be,  the  objective  of  the  Safety  Department. 

INDEX   TO  PUBLIC  ROADS,  VOLUME    19, 
NOW  AVAILABLE 

The  index  to  volume  19  of  PITBLIC  ROADS  is 
now  available.  In  addition  to  the  index  a  chrono- 
logical list  of  articles  and  a  list  of  authors  are  given. 
The  index  will  be  sent  free  to  subscribers  to  PUBLIC 
ROADS  requesting  it.  Requests  should  be  addressed 
to  the  Public  Roads  Administration,  Federal  Works 
Agency,  Washington,  D.  C. 

Indexes  to  volumes  6  to  18,  inclusive,  are  also  availa- 
ble and  will  be  sent  to  PUBLIC  ROADS  subscribers 
upon  request.  Indexes  to  volumes  1  to  5,  inclusive, 
have  never  been  prepared,  and  it  is  not  expected  that 
these  volumes  will  ever  be  indexed. 
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(Continued  from  p.  144) 

utilized  to  evaluate  c  and  <t>.  Samples  used  in  stabilom- 
eter  tests  have  heights  of  possibly  10  times  the  thick- 
nesses of  samples  tested  in  direct  shear  and  therefore, 
according  to  the  theory  of  consolidation,  consolidate 
only  one-hundredth  as  rapidly  and  in  consequ<  nee 
have  considerably  less  error  due  to  change  of  moisture 
content  during  test  in  the  open  system.  Such  tests 
made  in  the  Delft  Laboratories  by  what  Professor 
Huizinga  terms  the  quick  method  {22)  are  considered 
satisfactory  by  him  for  relatively  impermeable  soils. 

It  was  the  consensus  of  opinion  at  the  Eighteenth 
Annual  Meeting  of  the  Highway  Research  Board  {36) 
that: 

The  triaxial  compression  or  stabilometer  device  is  the  most 
useful  shearing  method  and  despite  all  obstacles  it  is  proposed 
to  obtain  and  use  complete  stress-deformation  diagrams  in 
connection  with  highway  problems. 

Among  the  advantages  provided  by  this  method  of 
test  may  be  listed  the  following: 

1.  Samples  have  the  shape  common  to  usual  com- 
paction, permeability,  and  sampling  devices. 

2.  Properties  of  samples  as  a  whole  instead  of  only  a 
fraction  thereof  can  be  determined. 

3.  Samples  of  embankment  materials  may  be  tested 
as  compacted  and  after  they  have  been  tested  for 
permeability  and  capillarity. 

4.  Samples  of  road  materials  may  be  tested  as  pre- 
pared and  after  their  subjection  to  saturation,  freezing 
and  thawing,  and  the  like. 

5.  Samples  of  foundation  soils  may  be  tested  in  their 
natural  undisturbed  state  and  at  several  other  moisture 
contents  to  the  end  that  complete  relations  of  moisture 
content  to  c,  <f>,  and  pore  pressure  are  provided. 

6.  Samples  may  be  tested  at  pressures  similar  to  those 
that  soils  and  roads  are  expected  to  resist  under  service 
conditions. 

7.  Uniform  pressures  are  applied  on  the  surfaces  of 
samples. 

8.  All  stresses  on  the  sample  are  measured  and  may 
be  varied  or  kept  constant  as  desired. 

9.  Both  the  vertical  and  horizontal  deformations 
can  be  controlled  and  are  measurable. 

10.  The  data  are  usable  in  theories  of  design. 
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HISTORIC  HIGHWAYS  ILLUSTRATED 

Highways  of  History,  a  pictorial  story  of  the  improve- 
ment of  transportation  in  the  United  States,  has  recently 
been  published  by  the  Public  Roads  Administration. 

The  35  pictures  the  publication  contains  begin  with 
the  introduction  of  horses  on  this  continent  by  Hernando 
De  Soto  in  1539,  and  trace  chronologically  the  modes  of 
transportation  used  in  the  United  States  up  to  the 
present  time  with  special  emphasis  on  highway  trans- 
portation. Beside  each  picture  is  a  brief  description 
of  the  historical  significance  of  the  scene.  The  pictures 
are  photographic  reproductions  of  dioramas  created  by 
the  Public  Roads  Administration  and  now  exhibited 
at  the  Golden  Gate  International  Exposition  at  San 
Francisco. 

The  pamphlet  has  been  prepared  particularly  for  the 
use  of  teachers  in  elementary  schools  and  for  school 
libraries.  A  limited  free  supply  is  being  distributed 
by  the  Public  Roads  Administration,  Federal  Works 
Agency,  Washington,  D.  C.  Copies  are  also  available 
by  purchase  from  the  Superintendent  of  Documents, 
Washington,  D.  C,  at  25  cents  each. 
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PUBLICATIONS  of  the  PUBLIC  ROADS  ADMINISTRATION 

(Formerly  the  BUREAU  OF  PUBLIC  ROADS) 


Any  of  the  following  publications  may  be  purchased  !  rom 
the  Superintendent  of  Documents,  Government  Printing  Office, 
Washington,  D.  C.  As  his  office  is  not  connected  with  the 
Agency  and  as  the  Agency  does  not  sell  publications,  please 
send  no  remittance  to  the  Federal  Works  Agency. 

ANNUAL  REPORTS 

Report   of   the  Chief  of   the   Bureau   ot   Public  Roads,    1931. 

10  cents. 
Report  of   the  Chief   of   the   Bureau   of   Public   Roads,    1933. 

5  cents. 
Report   of   the  Chief  of   the   Bureau   of   Public   Roads,    1934. 

10  cents. 
Report  of   the  Chief  of   the   Bureau   of   Public   Roads,    1935. 

5  cents. 
Report  of   the  Chief   of   the   Bureau  of   Public   Roads,    1936. 

10  cents. 
Report  of   the  Chief   of   the   Bureau   of   Public   Roads,    1937. 

10  cents. 
Report  of   the  Chief  of    the   Bureau  of    Public   Roads,    1938. 

10  cents. 

HOUSE  DOCUMENT  NO.  462 


Nonuniformity  of  State  Motor-Vehicle  Traffic 
Laws.     15  cents. 

Skilled  Investigation  at  the  Scene  of  the  Acci- 
dent Needed  to  Develop  Causes.     10  cents. 

Inadequacy  of  State  Motor-Vehicle  Accident 
Reporting.     10  cents. 

Official  Inspection  of  Vehicles.     10  cents. 

Case  Histories  of  Fatal  Highway  Accidents. 
10  cents. 

The  Accident-Prone  Driver.     10  cents. 


MISCELLANEOUS  PUBLICATIONS 

No.  76MP    .    .   The  Results  of  Physical  Tests  of  Road-Building 

Rock.     25  cents. 
No.  19 IMP.    .    Roadside  Improvement.     10  cents. 
No.  272MP  .    .   Construction  of  Private  Driveways.     10  cents. 
No.  279MP  .    .    Bibliography  on  Highway  Lighting.     5  cents. 
Highway  Accidents.      10  cents. 
The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 
Guides  to  Traffic  Safety.     10  cents. 
An  Economic  and  Statistical  Analysis  of  Highway-Construction 

Expenditures.     15  cents. 
Highway  Bond  Calculations.     10  cents. 
Transition  Curves  for  Highways.      60  cents. 
;  Highways  of  History.     25  cents. 


DEPARTMENT  BULLETINS 

No.  I279D 


Part 

1   .    . 

Part 

2  .    . 

Part 

3  .   . 

Part 

4  .    . 

Part 

5  .   . 

Part 

6  .   . 

Rural  Highway  Mileage,  Income,  and  Expendi- 
tures, 1921  and  1922.     15  cents. 
No.  1486D  .    .   Highway  Bridge  Location.     15  cents. 

TECHNICAL  BULLETINS 

No.  55T   .    .    .    Highway  Bridge  Surveys.     20  cents. 
No.  265T.    .    .    Electrical    Equipment    on    Movable 
35  cents. 


Brid 


ridges. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Public  Roads  Administration  upon  request.  They  can- 
not be  purchased  from  the  Superintendent  of  Documents. 

MISCELLANEOUS  PUBLICATIONS 

No.  296MP.    .    Bibliography  on  Highway  Safety. 

House  Document  No.  272   .   .   .  Toll  Roads  and  Free  Roads. 

Indexes  to  PUBLIC  ROADS,  volumes  6-19,  inclusive. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y   .        Road  Work  on  Farm  Outlets  Needs  Skill  and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 

System  of  Ohio  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Vermont  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  New  Hampshire  (1927). 
Report  of  a  Plan  of  Highway   Improvement  in  the  Regional 

Area  of  Cleveland,  Ohio  (1928). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Pennsylvania  (1928). 
Report  of  a  Survey   of   Traffic  on   the   Federal-Aid   Highway 

Systems  of  Eleven  Western  States  (1930). 

UNIFORM  VEHICLE  CODE 

Act  I. — Uniform  Motor  Vehicle  Administration,  Registration, 
Certificate  of  Title,  and  Antitheft  Act. 

Act  II. — Uniform  Motor  Vehicle  Operators'  and  Chauffeurs' 
License  Act. 

Act  III.— Uniform  Motor  Vehicle  Civil  Liability  Act. 

Act  IV. — Uniform  Motor  Vehicle  Safety  Responsibility  Act. 

Act    V.— Uniform  Act  Regulating  Traffic  on  Highways. 

Model  Traffic  Ordinances. 


A  complete  list  of  the  publications  of  the  Public  Roads  Ad- 
ministration (formerly  the  Bureau  of  Public  Roads),  classified 
according  to  subject  and  including  the  more  important  articles 
in  Public  Roads,  may  be  obtained  upon  request  addressed  to 
Public  Roads  Administration,  Willard  Bldg.,  Washington,  D.  C. 
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DESIGN  OF  A  FILL  SUPPORTED  BY  CLAY 

UNDERLAID  BY  ROCK 


UNIFORM    LOAD 
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AN  APPLICATION  OF  SOIL  MECHANICS  IN  SOLVING  A  HIGHWAY  FILL  PROBLEM 
BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  L.  A.  PALMER,  Associate  Chemist 

THIS  REPORT  is  a  continuation  of  the  theoretical 
considerations  contained  in  two  previous  publica- 
tions.1 2  Its  purpose  is  to  present  in  usable  form  the 
analytical  methods  based  on  the  assumption  of  condi- 
tions of  plane  strain  2  and  to  extend  these  analyses  to 
include  the  problem  of  determining  the  supporting 
power  of  a  clay  stratum  supporting  a  symmetrical  earth 
fill  when  the  clay  stratum  is  underlaid  by  rock. 

As  shown  in  one  of  the  previous  publications  2  a 
problem  involving  plane  strain  conditions  is  one  involv- 
ing two  dimensions.  The  load  is  distributed  over  an 
area  that  is  quite  long  as  compared  to  its  width  and  the 
analytical  procedure  is  applied  to  a  vertical  cross  section 
of  unit  thickness  in  the  direction  of  the  longitudinal 
axis  of  the  load.  This  is  taken  as  the  Y  direction.  It 
is  considered  that  there  is  no  displacement  of  material 
in  this  direction  and  that  whatever  soil  movements 
occur  are  in  the  Z  direction,  which  is  toward  the  center 
of  the  earth,  and  in  the  X  or  horizontal  direction,  that 
is,  perpendicular  to  both  the  Y  and  7.  directions. 

The  analytical  procedures  used  in  the  theoretical 
solution  of  the  present  problem  involve  two  theories, 
that  of  elasticity  and  that  of  plastic  equilibrium,  and 
four  principal  assumptions  are  involved.  The  first 
three  are  common  to  both  theories.  The  fourth  is 
made  only  when  the  theory  of  plastic  equilibrium  is 
applied.     These  are: 

1.  The  strength  of  the  clay  stratum  depends  essen- 
tially on  its  cohesion.  The  strength  due  to  the  element 
of  friction  is  comparatively  small  and  may  be  neglected. 
Hence,  whenever  and  wherever  the  unit  shearing  stress 
becomes  equal  to  the  unit  cohesion,  c,  the  soil  becomes 
plastic  and  undergoes  plastic  flow;  that  is,  the  soil  fails. 

2.  The  adhesion  of  the  clay  to  the  rock  surface  is 
"perfect."  No  slippage  occurs  at  this  surface  although 
there  may  be  lateral  movement  in  the  clay  at  points 
very  near  the  rock  surface. 

3.  The  soil  deformations  considered  in  this  paper  are 
those  that  occur  at  an  assumed  constant  volume.  It 
seems  reasonable  to  assume  that  the  deformations 
caused  by  lateral  yield  in  the  A'  direction  occur  during 
a  period  of  time  that  is  brief  in  comparison  with  the 
time  required  for  an  appreciable  degree  of  consolidation 
of  the  stressed  clav  stratum.     When  deformations  occur 


at  constant  volume,  Poisson's  ratio  is  taken  as  „  (the 

approximate  value). 

4.  In  applying  the  method  of  plastic  equilibrium  it  is 
considered  that  the  fill  acts  like  an  absolutely  rigid  body 
in  its  production  of  stresses  in  the  clay  stratum  when 
the  soil  is  in  the  plastic  state.     Thus  the  fill  above  and 

1  Principles  of  Soil  Mechanics  Involved  in  Fill  Construction,  L.  A.  Palmer  and 
E.  S.  Barber,  Proceedings  Highway  Research  Board,  Annual  Meeting  1937. 

'  Principles  of  Soil  Mechanics  Involved  in  the  Design  of  Retaining  Walls  and  Bridge 
Abutments,   L.  A.  Palmer,  Public  Roads,  vol.  19,  No.  10,  December  1938. 
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Figure   1. — Uniform   Load  on  a  Long  Strip  Supported  by 
Clay   Underlaid  by  Solid   Rock. 

the  solid  rock  boundary  below  the  clay  constitute  a 
"nutcracker." 

Probably  the  fourth  assumption  is  the  least  valid  of 
the  four. 

Since  it  is  assumed  that  there  is  no  displacement 
either  in  the  fill  or  in  the  supporting  soil  in  the  direction 
of  the  longitudinal  (Y)  axis  of  the  fill,  the  problem  is 
one  of  plane  strain.  One  vertical  cross  section  perpendi- 
cular to  the  Y  axis  is  the  same  as  any  other  insofar  as 
stresses  and  deformations  are  concerned,  assuming,  of 
course,  that  both  the  fill  material  and  the  supporting 
clay  are,  in  themselves,  homogeneous.  Since  the  rock 
is  supposedly  rigid,  it  follows  that  there  is  no  vertical 
displacement  of  soil  at  this  boundary. 

STRESSES  IN  THE  CLAY  COMPUTED  FROM  THEORY  OF  ELASTICITY 

Carothers  3  has  shown  that  for  a  uniform  load  p  per 
unit  area  on  a  long  strip  of  width  26  (see  fig.  1)  at  the 
surface,  the  shearing  stress,  sxi,  at  the  rock  surface  is 


p[~      ,  w  x—b  ,  ir  x-\-b~ 

5=h    sechvj— n sech: 


2    2A 


2    2A 


(1) 


where  2h  is  the  thickness  of  the  intervening  clay  layer. 

This  expression  for  sIZ  for  uniform  strip  loading  and 
other  expressions  for  stresses  for  other  types  of  surface 
loading  (see  for  example  equation  12)  are  developed 
from  the  theory  of  elasticity.  When  these  expressions 
are  used  it  is  considered  that  the  clay  mass  has  not  been 
stressed  to  its  ultimate  supporting  power  and  is  there- 
fore not  reduced  to  a  plastic  condition  throughout. 

In  the  following  discussion  equations  2,  3,  4,  and  8 
are  those  frequently  seen  in  texts  on  the  theory  of 
elasticity.4 

3  Test  Loads  on  Foundations  as  Affected  by  Scale  of  Tested  Area,  S.  D.  Carothers, 
Proceedings  International  Mathematical  Congress,  Toronto,  1924,  pp.  527-549. 

*  See,  for  example,  pp.  8-20,  inclusive,  of  Theory  of  Elasticity,  by  S.  Timoshenko. 
McGraw-Hill  Book  Co.,  1st.  ed„  1934. 
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The  fundamental  strain  relations  are 

€»=]tJ P»— m(/»x+7',)J ---(3) 

*i=m_ v*— h(j?x+Pv)  I --(4) 

where  ez,  e„,  and  c,  are  the  strains  and  px,  pv,  and  p,  are 
the  normal  stresses  in  the  A',  Y,  and  Z  directions, 
respectively;  E  is  Young's  modulus;  and  n  is  Poisson's 
ratio. 

Since  «,=e,=0  at  the  rock  surface  and  since  m— K' 

equation  3  becomes 

^=H^-- <s> 

and  equation  4  becomes 


V, 


.Ps+Pv 


(C) 


By  substituting  for  pv  in  equation  6  from  equation  5, 

p,=px (7) 

which  is  true  at  the  boundary  of  rock  and  clay. 

The  maximum  shearing  stress,  sm&%.,  at  any  point  of 
the  undersoil  is 


.=[^WJ. 


(8) 


which  (since  Pz=px  at  the  rock  surface)  becomes 

Smax-  ~&xz W) 

at  all  points  along  the  rock  surface.  Hence  at  the 
rock  boundary  equation  1  becomes 

W=f[sech|^-sech§^]_        ..(10) 

which  's  the  expression  for  the  shearing  stress  at  any 
point  T  ot  the  rock  surface  (see  fig.   1).     For  a  tri- 

angular  loading,  dp'  =  j-dB  (see  fig.  2),  where  B  is  any 

variable  horizontal  distance  from  the  OZ  axis  to  the 
slope.     By  differentiating  s  with  respect  to  p  in  equa- 

7) 

tion  10  and  substituting  j:dB  for  dp',  there  is  then 
obtained 

<&W.  =  ;^    sech| ^ — sechj-^-  \dB.__    (11) 

This  is  the  shearing  stress  at  T  due  to  the  shaded 
horizontal  element  of  figure  2.  Integration  between 
the  limits,  0  and  6,  yields  for  all  such  elements 


4/i 


5|> 


Sm»x.=-r-±  I  2  arc  tan  <?2  2A  — 


wx+b 

arc  tan  e  2  2/1  —arc  tan  e 


rr-n 
'  "  J" 


(12) 


*-+x 


Figure  2. — Triangular  Load  on  a  Long  Strip  Supported 
by  Clay  Underlaid  by  Rock. 

Tins  is  Jiirgenson's  5  formula  for  the  shearing  stress 
at  a  point  T  of  the  rock  surface  when  the  loading  is  tri- 
angular. (See  fig.  2.)  The  use  of  equations  10  and  12 
is  not  dependent  on  the  relative  magnitudes  of  h  and  b. 

From  equation  12,  the  greatest  value  of  smax.,  de- 
noted by  sg,  depends  on  the  ratio  of  b  to  h.  For  ex- 
ample, if  the  depth  to  the  rock  surface,  2h,  is  ^  b,  then 

Smax-==s»=0.318p  at  the  point  x=0. 6256.  If  the  clay  has 
no  friction,  the  plastic  condition  for  these  relative  di- 
mensions begins  to  be  developed  at  the  point  x=0.625& 
at  the  rock  surface  when 

sm„.=s„=c=0.3182> 

or  when  p  (see  fig.  2)  =  3.14c  where  c  is  the  unit  cohesion. 

Similarly,  for  2h=.b,   smai.=s,  at  z=0.67&   and   the 

plastic  zone  begins  when 

smAx.=s„=c=0.22p 

or  when  p  (see  fig.  2) =4. 55c. 

For  any  fixed  ratio,  b  :  h,  ordinate  values  of  smax.  may 
be  plotted  against  x  as  abscissa,  using  equation  12.  The 
value  of  x,  where  smax.=S[,=the  greatest  shearing  stress, 
is  the  maximum  ordinate  of  the  curve  thus  obtained. 

HENCKY'S  METHOD  OF  PLASTIC   EQUILIBRIUM  IS  FUNDAMENTAL 

The  application  of  the  method  of  plastic  equilibrium 
to  this  problem  involving  the  boundary  conditions  illus- 
trated in  figures  1,  2,  3,  4,  and  5  is  limited  to  the  con- 
dition that  the  distance,  2h,  must  not  exceed  the  dis- 
tance, 6/2  where  2h  is  the  thickness  of  the  clay  layer 
and  6  is  half  the  base  width  of  the  loaded  surface  area. 

A  thin  layer  of  soil  between  two  rigid  plates  whose 
surfaces  in  contact  with  the  sod  are  rough  and  which 
are  of  great  length  and  of  width  26  (see  fig.  3)  is  con- 
sidered. The  soil  is  supposed  to  have  cohesion  and  a 
zero  or  very  small  value  for  its  effective  angle  of  internal 
friction.     The  method  of  Hencky  8  will  now  be  shown 

'  The  application  of  Theories  of  Elasticity  and  Plasticity  to  Foundation  Problems, 
by  Leo  JUrgenson,  Journal  of  the  Boston  Society  of  Civil  Engineers,  vol.  21,  No.  3, 
1934 

•  Uber  Statisch  bestimmte  Falle  des  Qleichgewichtes  in  plastischen  KOrpen,  H. 
Hencky,  Zeltschrift  fur  ang  Mathematik  und  Mecnanik,  1924,  vol.  3,  p.  291,  p.  401. 
See  also  Plasticity,  Chapter  33,  A.  Nadai,  1931.     McGraw-Hill  Book  Co. 
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as  originally  devised  and  applied  by  Prandtl 7  to  the 
problem  illustrated  by  figure  3,  the  plastic  flow  of  soil 
from  between  two  rigid  plates.  Certain  equations  for 
stresses  will  be  derived  in  this  application.  Then  these 
expressions  for  the  stresses  will  be  used  in  the  solution 
of  the  problem  of  the  fill,  ABCD,  figure  4,  supported  by 
a  clay  stratum  underlaid  by  rock.  First  of  all  it  is 
assumed  (figs.  3  and  4)  that  h  is  either  equal  to  or  less 
than  6/4.  In  no  case  in  the  following  development  may 
h  be  considered  as  greater  than  6/4.  The  solution 
follows. 


FLOW  OF 
PLASTIC  MATERIAL 


-SLIP  LINES 


distribution  of  stress 

Figure  3. — Conditions  at  Failure  in  a  Plastic  Material 
Pressed  Between  Two  Rough  Parallel  Plates. 

When  the  material  pressed  between  the  plates  by  a 
load  P  (see  fig.  3)  becomes  a  plastic  mass,  flow  occurs 
with  a  constant  maximum  shear  expressed  by  the 
equation, 

Smax.  =  -»/      '  9         +Su2=:the  unit  cohesion  c  or 


Vz-Vx- 


±2Vc 


■(13) 


for  according  to  theory,  sma:c.  =  constant=c  under  these 
conditions.  There  are  two  other  equations  of  equilib- 
rium, namely, 

-(14) 


dx       dz 


and 


dp. 


dx 


r.+  r=»=0. 


.(15) 


The  stresses  px,  pz,  and  sx,  may  be  determined  from 
equations  13,  14,  and  15.  Differentiating  15  with 
respect  to  x  and  14  with  respect  to  z  and  subtracting, 
there  is  obtained 


d2    ,  ,_52Ss, 


cto2  " 

substituting  equation  13  in  equation  16, 

d2s„     d2sx 


±2 


dxdz 


vc 


1,2 


dx2 


-(16) 


.(17) 


AREA     AED  -    AREA     ABCD 


q  -  SUPPORTING  POWER    =  ^y- 


Figure  4. — Supporting  Power  op  Clay  Layer   Underlaid 
by  Rock,  Method  of  Hencky. 


CLAY    WITH    A    UNIT    COHESION 

OF  500   POUNDS    PER   SQUARE   FOOT 


7  L.  Prandtl,  Zeitsehrift  far  ang.,  Mathematik  und  Mechanik:,  vol.  6,  1923. 


2/)  =  ib  =  30' 


t  Z 

Figure  5. — Problem  of  the  Supporting  Power  of  a  Clay 
Stratum  Sandwiched  Between  a  Fill,  ABCD,  and  Solid 
Rock. 

Equation  17  is  now  solved  by  assuming  that  szz  de- 
pends on  z  alone  and  not  on  x.  When  this  is  true 
equation  17  reduces  to 


d2sT 


0 


(18) 


dz2 

which  is  readily  integrable,  and  there  is  obtained 

s„=Ki+K*z (19) 

The  shearing  stress  sxt  cannot  anywhere  exceed  c, 
the  unit  cohesion.  If  Kx  be  taken  as  zero,  there  are 
two  straight  lines  (the  upper  and  lower  boundaries, 
fig.  3),  the  equations  of  which  are  z=-{-h  and  z=—h 
along  which  the  shearing  stress  sxz  becomes  smhX=c 
since  by  equation  9,  sm&x=sxz  at  the  rock  (rigid)  surface. 
In  the  present  case  there  are  two  rigid  surfaces,  at 
z=±h,  which  form  natural  limits  for  the  plastic  mass. 
The  sign  of  K2  in  equation  19  depends  on  whether 
sXi=-\-c  or  sxt=—c  for  z=h.  If  for  z=-\-h,  sxt=-\-c, 
then  for  ^  =  0,  equation  19  becomes 


or 


,=smai.=  +c=K2h 


'^=+t 


and  therefore  for  any  value  of  z  between  -{-h  and  —h, 


i  rr 


(20) 


by  substitution  in  equation  19. 
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Now,  from  equation  14, 

bpx=     dsx,^ 
bx  bz 

and  from  equation  15, 


+  - 


0=4- 


dp, 
dz 


?l=     <>sxl^      dl~    czIq 
dx  dx|_     h  J 

By  integration,  equations  21  and  22  yield 


(21) 


(22) 


(23) 


and 


-f+/i«- 


pf=/2(aO (24) 


respectively,  where  /j  (z)  is  a  function  of  z  alone  and 
/a  (x)  is  a  function  of  x  alone.  Both  fr  (z)  and  /2  (x) 
must  be  so  determined  that  equation  13, 


pl-px=±2^/c2 


(13) 


will  be  satisfied.  Equation  13  is  called  the  "condition 
of  plasticity."  Substituting  the  values  for  pz  and  fx 
as  given  in  equations  23  and  24  and  for  sX2  from  equation 
20  in  equation  13  there  results, 


/8(*)+^-/i(2)  =  ±2cVl- 


■z2jh2. 


-    (25) 


Putting  x=0  in  equation  25.     Then 

/,(2)=^T2cVl-22/A2,  where  K=/2(0). 
Putting  2=0  in  equation  25.     Then 

f2(x)=K~,  where  K=/1(0)±2c. 

It  may  be  easily  shown  that/1(0)±2c=/2(0).    Hence 
the  symbol  K  may  denote  either  value. 

By  substitution  in  equations  23  and  24  there  results, 


and 


px=K-c^2cJl-z2/h\- 


V*=K- 


ex 
h 


(26) 
(27) 


where  K  is  a  constant. 

Equations  26  and  27,  together  with  equation  20, 
completely  determine  the  stresses  at  any  point  in  the 
plastic  mass  when  K  is  known.  With  reference  to 
figure  3,  when  z=-\-h  and  x=b,  pz—0  so  that  by 
substitution  in  equation  27 


0=K- 


cb 

h  ' 


or 


*-+r 


Therefore 


and 


Px=cJfi_x)T2c^1_^h2 (2g) 

*~^ (29) 

sxz=+j? (20) 


At  the  boundaries,  z=-\-h  and  z=—h, 

_     _c(b—x)       , 
2?3 — ^?z —      i       ana.  sxt— smax.—  ±c. 


HENCKY'S  METHOD  APPLICABLE  IN  FILL  DESIGN 

From  equation  29  it  is  seen  that  pz  is  a  maximum 
when  x=0,  and  diminishes  as  x  increases  (b  is  positive 
on  the  right  and  negative  on  the  left  of  OZ).  The 
loading  on  the  surfaces  of  plastic  clay  is  therefore  tri- 
angular as  shown  in  figure  3,  although  the  load  applied 
to  the  rigid  frames  is  uniform. 

The  problem  illustrated  in  figure  4,  a  fill,  ABCD, 
supported  by  a  clay  stratum  underlaid  by  rock,  is  con- 
sidered next.  The  computation  of  the  supporting 
power,  q,  of  the  soil  layer,  figure  4,  is  based  on  the 
assumption  that  the  structure,  ABCD,  is  absolutely 
rigid.  This  assumption  is  equivalent  to  saying  that  the 
soil  layer  is  between  two  rigid  frames,  the  fill  above  and 
the  rock  below.  But  in  order  to  use  equations  28,  29, 
and  20,  derived  for  soil  between  two  plates,  there  must 
be  made  another  simplifying  assumption  for  the 
problem  illustrated  in  figure  4,  which  is  that  the  resist- 
ance to  flow  offered  by  the  soil  in  the  clay  layer  to  the 
left  of  A  and  to  the  right  of  D  (figure  4)  is  small  enough 
(relatively)  to  be  neglected. 

With  all  these  simplifying  assumptions,  equations 
28,  29,  and  20  apply  in  computing  the  supporting  power, 
q,  of  the  soil  layer,  figure  4.  Since  the  structure, 
ABCD,  is  rigid,  then  according  to  equation  29  the  dis- 
tribution of  vertical  pressure,  pz,  at  the  upper  boundary 
(figure  4)  is  triangular.  The  same  vertical  stress  distri- 
bution at  this  boundary  would  be  realized  in  fact  if 
the  load  diagram,  ABCD,  becomes  triangular,  AED, 
the  area  of  ABCD  and  that  of  AED  being  identical 
since  the  total  load  of  the  fill  cross  section  (1  foot  thick 
in  the  direction  perpendicular  to  the  plane  of  fig.  4)  is 
the  same. 

The  total  vertical  force,  P,  on  a  strip  of  unit  width 
(y=l,  fig.  4)  on  the  plane  boundary,  z=h,  is 


p=2j>-r:« 


or 


(30) 


But  P=pb  from  figure  4,  where  p  is  the  maximum 
surface  load  per  unit  area  and  hence 

P=-j-=pb 
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or 


/' 


cb 

V 


(31) 


The  factor  of  safety  against  overloading  of  the  clay 
stratum  is  q/p,  q  being  the  supporting  power.     At  the 

instant  of  failure,  q=p=zj-- 

A  comparison  of  values  obtained  by  the  elastic  theory 
on  the  one  hand  and  the  theory  of  plasticity  on  the 
other  is  now  considered.     It  has  already  been  shown 

that  for  2/i  =  —  b,  the  plastic  zone  starts  to  appear  when 

the  magnitude  of  p  is  such  that  p=3.14c.  From 
equation  31  plastic  flow  of  the  entire  soil  mass  below 
the  fill  begins  when 

cb     cb 


when 


q=P=-K=J=U 


2h=-xb  or  h—-r- 
2  4 


Hence  for  a  comparison: 

1.  By  the  elastic  theory,  a  plastic  zone  is  started 
when  p  =  3.14  c. 

2.  By  the  theory  of  plastic  equilibrium  the  ultimate 
bearing  capacity  q  of  the  supporting  soil  is  q=A  c. 

Thus  for  2  h=-~  the  development  of  a  plastic  zone  or 

region  in  the  supporting  soil  mass  begins  when  p  is 

-+-  X100  or  78.5  percent  of  the  ultimate  supporting 

power.     Similarly  when  2  h=j,    the    plastic    zone    is 

4  55 
started  when  the  value  of  p  is  -%-X100  or  57  percent 

o 

of  the  ultimate  beaiing  capacity  or  supporting  power. 

APPLICATION  OF  THEORY  ILLUSTRATED 

Suppose  that  it  is  requiied  to  know  the  factor  of 
safety  with  respect  to  the  supporting  power  of  the  soil 
below  the  fill,  ABCD,  figure  5,  when  the  following 
conditions  obtain: 

1.  6=4  /,,=60  feet. 

2.  The  fill,  ABCD,  is  svmmetrical  with  a  2  :  1  slope. 

3.  The  height  of  the  fill  is  20  feet  and  the  top  width 
BC  is  40  feet. 

4.  The  unit  weight  w  of  fill  material  is  100  pounds 
per  cubic  foot. 

5.  The  supporting  soil  is  essentially  clay.  Its  co- 
hesion is  500  pounds  per  square  foot  and  its  angle  of 
internal  friction  is  too  small  to  consider.  It  is  then 
assumed  that  all  of  the  supporting  power  is  due  to 
cohesion. 

D/"r  I     A  T~) 

The    area    of    the    trapezoid,    ABCD,    is    —  -±r1- 

40+1°0 

Xheight= ~ X20=  1,600  square  feet.    The  area  of 


triangle  AED  is  also  1,600  square  feet  and  its  height 
26.67  feet.     Then  p  is  equal  to  wJi=100 


TJ.    1600 
^1S-60- 

X26. 67  =  2, 667    pounds    pei   square    foot,     q    is    equal 
to  4  c=4X500  or  2,000  pounds  per  square  foot.     The 


factor  of  safety  against  failure  of  the  undersoil  is  then 
f        /        2000      OM 

Therefore  the  supporting  soil  will  fail  under  the  fill  of 
the  proposed  dimensions.  For  the  undersoil  to  be  safe, 
the  height  H  of  the  triangle  AED  must  be  reduced 
since  p=wH  must  be  reduced.  If  the  width  of  the 
roadway  {BC,  fig.  5)  remains  40  feet  and  the  height  of 
the  fill,  ABCD,  is  reduced  to  12  feet,  the  area  of  ABCD 


is  then 


40  +  120 


-X  12  =  960  square  feet  and  the  height 
of  the  equivalent  triangle  is  -^7r  =  16  feet.  The  value 
p  is  then  1,600  pounds  per  square  foot  and 

w         I         2000       11/ 

^=^=1600  =  1^ 

It  has  been  shown1  that  for  a  cohesive  soil  (with  no 
angle  of  internal  friction)  extending  downward  to  a 
great  depth  the  bearing  capacity,  q,  for  the  soil  support- 
ing a  symmetrical  fill,  as  computed  by  two  different 
methods,  is  as  follows: 

Afethod  1  'al ne  of  q  in  terms  nf  unit  cohesion 

Terzaghi q  =  4c  (assuming  fill  is  nonrigid). 

Prandtl g  =  5.14c  (assuming  fill  is  rigid). 

In  the  foregoing  example,  if  the  rock  boundary  were 
removed  and  the  clay  extended  far  below  it,  the  value 
of  q  according  to  Prandtl  would  be  computed  as  being 
5.14X500  =  2,570  pounds  per  square  foot  which  is 
larger  than  the  value,  2,000  pounds  per  square  foot,  as 
found  in  the  example.  On  the  other  hand  with  different 
relative  values  of  b  and  //  and  the  same  fill  as  that  con- 
sidered in  the  example,  the  supporting  power  q  of  the 
clay  stratum  could  be  much  greater  than  2,000  pounds 

per  square  foot.     Thus  for  h  equal  to  —  >  q  ~~I~~T~= 

8c=4,000  pounds  per  square  foot,  a  value  that  is  much 
greater  than  that  obtaining  when  the  rock  layer  is 
nonexistent.  If  this  condition  had  existed  in  the  pre- 
ceding example,  the  factor  of  safety  (nil  other  conditions 
being  the  same)  would  have  been 

2=4000 
r~~p     2667 

This  is  in  accord  with  common  sense  and  experience. 
It  is  obviously  more  difficult  to  "squeeze  out"  a  thin 
layer  of  soil  from  between  two  rough  steel  blocks  than 
it  is  to  cause  a  much  thicker  layer  of  the  same  soil  to 
flow  out  laterally.  There  is  always  the  practical  con- 
sideration that  as  the  clay  layer  becomes  increasingly 
thin,  it  is  less  a  major  item  of  cost  to  excavate  and  place 
the  fill  directly  on  the  solid  rock. 

SUMMARY 

Subsequent  to  construction  a  new  fill  tends  to  con- 
solidate the  supporting  clay.  Prior  to  the  realization 
of  any  appreciable  degree  of  consolidation,  the  fill  load 
is  carried  for  the  most  part  by  water  in  the  supporting 
clay  mass.  Thus  initially  the  superimposed  fill  load 
theoretically  causes  no  contact  pressure  between  solid 
particles  and  therefore  no  frictional  force  is  developed 
by  the  neutral  hydrostatic  pressure  in  the  supporting 
clay.     It  is   during   this   early   period   following   con- 

i  Principles  of  Soil  Mechanics  Involved  in  Fill  Construction,  L.  A.  Palmer  and 
E.  S.  Barber.    Proceedings  Highway  Research  Board,  Annual  Meeting  1937. 
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g  the  suppoi  I     _       wer. 
For  the  case  of  a  supporting  layer  soil 
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press      -      r  the  vertical  stress 
symmetric  st     ss      51  a  and  for  tl 

load.     For  2A= infinity  his  derived  expr- 
to  those  of  B<  ritehell.     Th 

deiived  by  Carothers  do  not  similarly  reduce. 
fact  in  itself  in  -   nothing  insofar     -  ty   is 
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— )   which  is  half  its  value  when  the  fill 
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been  publish*      (      enable  the  student   of 
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For  the  case  of  a  rigid  rock  boundary  below  the  sup- 
porting clay,  the  formula  of  Jurgenson  is 

cb 
Z=J=P 

for  a  factor  of  safety  of  one.  where  p  is  the  weight  of  a 
column  of  fill  material  of  height  equal  to  that  of  the 
equivalent  triangle.  See  tig.  30  For  2h  equal  to  or 
than  b  2.  q  is  equal  to  or  greater  than  4c.  according 
to  this  formula.  For  values  of  2h  greater  than  b  2. 
Jurgenson 's  formula  2  3  -  ;ch  increasingly  small  values 
for  a  as  to  be  obviously  in  error. 

The  question  arises  as  to  the  best  procedure  to  follow 
when  2h  is  greater  than  b  2.  Pending  the  time  that  a 
more  general  and  satisfactory  solution  of  this  problem 
is  obtained,  the  following  procedures  are  believed  to  be 
warranted  and  their  use  is  suggested. 

1.  For  depths  to  rock  less  than  one-fourth  of  the  base 
width  of  the  fill,  the  supporting  power,  q,  is  computed 
directly  from  Jiirgenson's  formula  if  the  fill  has  a  rigidity 
and  strength  such  that  it  resists  the  shearing  stress. 

=c,  at  its  bas 

2.  For  depths  to  rock  greater  than  one-fourth  and 
less  than  three-fourths  of  the  base  width  of  the  fill, 
the  value  of  q  is  considered  as  constant  and  equal  to 
4c  regardless  of  the  rigidity  of  the  fill.  In  this  case 
also  q  is  considered  as  equal  "to  p,  the  weight  of  a  column 
of  fill  material  of  height  equal  to  that  of  the  equivalent 
triangle    AED.  fig. 

3.  When  the  depth  to  rock  exceeds  three-quarters  of 
the  base  width  of  the  fill,  the  analytical  procedures  are 
the  same  as  those  followed  when  the  depth  of  the  sup- 
porting clay  is  infinite.  If  the  fill  is  rigid,  the  method 
of  Prandtl ::  is  applied.  If  the  fill  is  nonrigid,  the  method 
of  Terzaghi  yields  an  appropriate  value  for  q. 

4.  For  an  absolutely  nonrigid  fill  and  for  b  greater 
than  4Ji  (fig.  2  .  the  supporting  power,  q,  may  be  com- 

•  m  the  formula. 


r-K?) 


In  this  case  the  ultimate  supporting  power  of  the 
undersoil  is  taken  as  the  value  of  p  in  equation  12 
when  Smax,  becomes  equal  to  c  at  any  point  z.  (See 
fig.  2.  /  For  depths  to  rock  less  than  one-quarter  of 
the  base  width  of  the  fill,  this  value  of  p  is  about  one- 
half  that  which  is  computed  from  the  formula, 

cb 

assuming  the  fill  is  rigid. 

■5.  All  intermediate  conditions,  when  the  fill  can 
neither  resist  a  shearing  stress,  sxt=c,  nor  is  it  nonrigid, 
are  reserved  for  future  study. 

6.  It  should  be  possible  to  increase  the  ultimate 
supporting  power  of  the  undersoil  by  increasing  the 
rigidity  of  the  fill  either  by  selection  of  material, 
methods  of  compacting,  by  special  reinforcement  such 
as  the  use  of  fascines,  or  by  all  of  these  means. 

~    Spreading  a  thin  blanket  of  gravel  or  sand  over 

the  undersoil  and  building  the  fill  thereon  would  tend 

to  hasten  the  process  of  consolidation  of  the  soft  layer 

of  supporting  soil  with  a  consequent  increase  in  its 

supporting  power.     The  granular  material  in  this  case 

-  as  a  dra  ourse,  providing  a  direct  outlet  for 

r  in  the  voids  that  is  under  pressure  transmitted 

he  fill  loi 

r     .-«d  In  Fill  Construction.  I.   A.  Palmer  and 
•   larch  Board,  Annual  Meeting,  \Y,1. 


SIGNIFICANT  TRENDS  IN  MOTOR- VEHICLE 
REGISTRATIONS  AND  RECEIPTS 

BY  THE  DIVISION  OF  CONTROL,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  ROBERT  H.  PADDOCK,  Associate  Highway  Engineer-Economist 


MOTOR-VEHICLE  registrations  in  the  United 
States  in  1938  numbered  219.540  fewer  than  in 
the  preceding  year.  Tins  amounted  to  a  decline  of 
0.7  percent  from  1937  registrations  and  marked  the  fourth 
time  in  the  history  of  the  automotive  industry  that  the 
total  registrations  for  one  year  were  less  than  those  for 
the  preceding  year. 

The  history  of  motor-vehicle  registrations  in  this 
country  has  generally  been  one  of  continual  growth; 
an  increase  each  year  over  the  preceding  one  has  come 
to  be  expected.  The  course  of  registrations  since  1914 
is  shown  graphically  in  figure  1.  The  decreases  in  1931 , 
1932,  and  1933  resulted  from  the  economic  depression 
which  started  in  1929,  and  the  recession  of  1937  un- 
doubtedly accounts  for  most  of  the  registration  decrease 
in  1938  from  1937.  It  will  be  interesting  in  succeeding 
years  to  observe  the  registration  trends  and  to  compare 
motor-vehicle  registrations  of  the  next  decade  with 
those  of  the  nine-year  period  ending  with  193S. 

Passenger-car  and  bus  registrations  of  25,261,649  and 
truck  registrations  of  4,224,031  made  up  the  reported 
1938  total  of  29,4S5,680  vehicles.  It  should  be  noted 
that  in  spite  of  marked  improvements  in  registration 
practice  in  all  States  during  the  past  decade,  the 
available  data  are  not  entirely  comparable  among 
States.  Passenger-car  registrations  in  some  States 
include  vehicles  that  elsewhere  would  be  registered  as 
trucks.  Busses  are  registered  with  passenger  cars  in 
some  States,  and  with  trucks  in  other  States,  ami  in 
many  cases  are  not  readily  separable.  However,  it  is 
believed  that  these  inconsistencies  in  registration 
practice  are  not  great  enough  in  total  to  affect  the 
general  observations  and  conclusions  which  can  be 
drawn  from  the  available  data. 

The  percentage  of  decrease  recorded  in  1938  for 
passenger-car  registrations  was  slightly  greater  than 
that  for  trucks.  This  condition  was  also  characteristic 
of  motor-vehicle  registrations  in  the  early  part  of  the 
decade.  In  1930  an  increase  in  truck  registrations 
more  than  compensated  for  a  decrease  in  passenger-car 
registrations,  causing  a  slight  net  increase  in  total  motor- 
vehicle  registrations  for  that  year  over  1929. 

PERCENTAGE  INCREASE  IN  TRUCK  REGISTRATIONS  EXCEEDS 
THAT  FOR  PASSENGER  CARS 

Table  1  shows  the  respective  annual  changes  and  the 
differences  in  the  annual  rates  of  change  during  the 
past  18  years  in  passenger-car  and  truck  registrations. 
Since  1921  truck  registrations  have  increased  faster  or 
have  decreased  more  slowly  as  compared  with  the 
preceding  year's  registrations  for  every  year  but  2 
than  have  the  corresponding  passenger-car  registrations. 
These  2  years  were  1923  and  1932.  In  the  former 
year,  the  greatest  single  year's  percentage  increase  in 
passenger-car  registrations  since  1920  occurred.  This 
was  an  increase  of  23.8  percent  while  truck  registrations 
recorded  an  increase  of  19.2  percent.  This  lag  in 
truck  registration  growth  was  more  than  compensated 


for  by  the  1924  registrations  when  passenser  cars 
recorded  a  substantial  increase  of  14.7  percent  while 
truck  registrations  were  32. S  percent  higher  than  those 
of  the  preceding  year. 


7     r     ra     ? 


Figure    1. — Motor- Vehicle    Registrations   in   the    United 
States,   1914-33. 

Again,  in  1932,  the  drop  in  truck  registrations  was 
6.8  percent  compared  to  6.5  percent  for  passenger  cars. 
But  in  1931  passenger  car  registrations  had  dropped 
3.1  percent  in  contrast  to  a  0.6  percent  drop  for  trucks 
and  in  1933  passenger-car  registrations  showed  a 
drop  of  1.2  percent  compared  to  a  very  small  increase 
for  trucks. 

Table  1. — Comparison   of  n   in  registration  of  passenger 

cars  an:  921  to  193S  ' 


Increise  or  ie  TPise 

from  previous  ye  ir 

.??  -.3  registration  OT«r  1921 

Year 

Passenger  cars 

Trjcil 

Passenger  can 

Truck! 

Number 

P»r 
cent 

■ 

Per- 

Number 

Per- 

Number 

Per- 

-.922 

1923 
1924 

1925 

1926 

1927 

- 

1929 

1930 
1931 
1932 

1933 

1934 

1935 

1935 

1937 

193S 

1.74     ' 

1.  L.= 
1,742 

-7. 

-242 



1.05 
1.  59 

■ 
-IS 

-  . 
-.3 
-3  I 
-6  5 
-1  2 

- 

-  - 

3.1 

'   - 

-.7 

- 
57     - 

- 

28   . 
- 

1.344.530 

•   • 

■ 

23.0 

94.6 
122.6 
152.1 
155.8 

.  i  ' 

.  *  . 

211.9 

1  Busses  inc.  i  ?er  cars. 
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dZl      MORE  THAN  I  PERCENT  INCREASE 
CZZ3      0.0-1.0  PERCENT   INCREASE 
r*"7-!      0.0-1.0   PERCENT  OECREASE 


ITT^n  1.1-2.5  PERCENT  DECREASE 
f~~!  26-50  PERCENT  DECREASE 
fTT^      5.1-10.0    PERCENT  DECREASE 


Figure  2. — Classification  of  States  According  to  Per- 
centage of  Change  in  Total  Motor-Vehicle  Registra- 
tion in  1938  Over  1937. 

The  percentage  of  increase  for  trucks  from  1922  to 
1938  was  almost  1.7  times  as  great  as  the  corresponding 
increase  for  passenger  cars.  Whereas  trucks  comprised 
approximately  10.5  percent  of  the  total  motor-vehicle 
registration  in  1921,  in  1938  they  were  14.3  percent  of 
the  total  registration.  Important  features  of  future 
mo  tor- vehicle  regulation  will  be  dependent  upon  the 
changes  that  may  occur  in  those  relationships.  It  can 
be  seen  from  table  1  that  the  rates  of  change  in  truck 
registrations  have  been  different  from  those  for  pass- 
enger-car registrations  except  in  1938.  Though  an 
approximately  stable  relation  in  the  national  economy 
between  cars  and  trucks  may  now  have  been  reached, 
it  is  probable  that  apparent  changes  in  these  relation- 
ships will  be  observed  in  the  future  without  the  occur- 
rence of  any  real  changes.  Such  apparent  though  not 
real  changes  may  occur  if  more  nearly  correct  classifica- 
tion and  registration  practices  are  adopted  by  those 
States  where  passenger-car  registrations,  for  example, 
now  contain  a  considerable  number  of  vehicles  that 
should  properly  be  designated  as  trucks. 

The  Administration's  statistical  tables,  State  Motor- 
Vehicle  Registrations  and  Receipts,  1938,  appearing  in 
the  June  1939,  issue  of  Public  Roads  showed  that  33 
States  '  reported  decreases  in  total  1938  registrations 
from  their  respective  1937  registrations.  The  greatest 
numerical  decrease  was  in  Michigan  with  a  reported 
decrease  of  96,276  vehicles,  which  accounted  for  29  per- 
cent of  the  change  in  the  33  States  reporting  such  losses. 
The  Michigan  condition  was  exaggerated  by  reflection 
of  the  conditions  in  the  automobile  market  in  the  rest 
of  the  country. 

The  large  decrease  in  the  District  of  Columbia  regis- 
tration, where  the  largest  percentage  decrease  was 
recorded,  is  believed  to  have  been  occasioned  largely 
by  the  revision  in  registration  fees  in  1938  when  the 
previous  $1  fee  was  abandoned  for  higher  rates.  This 
change  undoubtedly  caused  the  retirement  of  some 
vehicles  that  might  have  been  registered  at  the  lower 
rate.  The  change  also  probably  resulted  in  the  proper 
registration  of  vehicles  from  other  States  in  their  own 
States  where  formerly  they  had  escaped  the  higher  rates 
in  their  own  States  by  registering  in  the  District  of 
Columbia  or  had  been  registered  both  in  their  own  States 
and  in  the  District  of  Columbia. 

Large  decreases  were  also  reported  in  Indiana,  West 
Virginia,   and  Wisconsin.     Other  States  showing  de- 

'  The  District  of  Columbia  is  classed  as  a  State  in  this  report. 


3  5  PERSONS  OR  LESS  PER  VEHICLE 
3  6  TO  5  0  PERSONS  PER  VEHICLE 


5.1  TO  6.5  PERSONS   PER    VEHICLE 
MORE  THAN  6  5  PERSONS  PER  VEHICLE 


Figure  3. — Classification  of  States  According  to  Number 
of  Persons  Per  Registered  Vehicle  in  1938. 

creases  of  more  than  10,000  vehicles  were  Alabama, 
Kansas,  Mississippi,  Oklahoma,  and  Washington.  Only 
four  States — California,  Illinois,  New  York  and  North 
Carolina — reported  increases  of  more  than  10,000  in 
their  registrations. 

The  percentage  changes  by  States  in  total  veliicle 
registrations  are  shown  in  figure  2.  It  is  significant 
that  there  is  no  uniform  pattern  among  the  States 
except  in  the  Rocky  Mountain  area.  States  showing 
increases  are  scattered  throughout  the  country. 

SUBSTANTIAL  DECLINE  NOTED  IN  PERSONS  PER  REGISTERED 
VEHICLE 

The  characteristics  noted  for  all  motor  vehicles  were 
generally  true  for  passenger  cars  and  trucks  separately, 
though  only  28  States  showed  decreases  in  truck  regis- 
trations. Arizona,  Iowa,  Kansas,  Massachusetts,  Mon- 
tana, Nebraska,  New  Hampshire,  Ohio,  Tennessee, 
Texas,  West  Virginia,  and  Wyoming  all  reported  in- 
creases in  truck  registrations  though  the  total  number 
of  vehicles  registered  in  each  of  those  States  decreased. 
However,  in  Florida,  Louisiana,  Missouri,  New  Jersey, 
New  York,  Utah,  and  Virginia  where  there  were  net 
increases  in  total  motor  vehicles  registered  there  were 
actual  decreases  in  the  number  of  trucks  registered. 

These  differences  among  the  States  suggest  that 
with  the  exception  of  Michigan  and  the  District  of 
Columbia,  which  apparently  reflect  certain  peculiar 
conditions,  the  causes  of  the  changes  in  registration  in 
other  States  must  be  sought  in  a  variety  of  govern- 
mental, economic,  and  social  factors.  For  example, 
the  decreases  in  total  registrations  in  some  States, 
accompanied  by  increases  in  truck  registrations,  may 
actually  be  caused  by  changes  in  local  registration 
practices  rather  than  by  changes  in  the  classes  of  ve- 
hicles in  operation.  Again,  decreases  in  car  registra- 
tions as  contrasted  to  increases  in  truck  registrations 
in  such  States  as  Kansas,  Nebraska,  and  Texas  may  be 
caused  by  farmers  who,  for  reasons  of  economy,  refrain 
from  registering  automobiles  still  owned,  and  use  their 
trucks  for  both  business  and  pleasure  driving. 

Since  it  is  impossible  to  draw  sound  general  conclu- 
sions from  the  data  for  a  single  year  or  even  for  a  few 
years,  it  is  desirable  to  identify  certain  basic  State  and 
national  trends  in  motor- vehicle  ownership.  One 
approach  to  tins  is  a  determination  of  the  distribution, 
by  States,  of  motor  vehicles  among  the  entire  popula- 
tion. These  data  are  presented  in  figure  3  which  shows 
graphically  the  number  of  persons  per  registered  motor 
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Figure  4. — Total  Motor-Vehicle  Registrations,  in  Millions  of  Vehicles,  by  Regions  in  1921,  1930,  and  1938. 


vehicle  in  the  several  States  in  1938.  This  figure 
indicates  certain  quite  definite  patterns  of  motor- 
vehicle  ownership  throughout  the  country  with  rela- 
tively the  fewest  vehicles  in  the  Southeast  and  the 
most  in  the  Far  West . 

In  order  to  study  these  characteristics  in  greater 
detail  and  to  determine  what  regional  characteristics 
there  may  be  the  country  was  divided  into  six  areas. 
These  differ  somewhat  from  the  geographical  areas 
used  by  the  United  States  Bureau  of  the  Census  since 
adherence  to  those  areas  would  not  bring  out  clearly 
the  significant  differences  throughout  the  country. 
The  areas  are  similar  to  those  selected  by  the  National 
Resources  Committee  in  their  report  Problems  of  a 
Changing  Population.  One  change  from  the  grouping 
used  in  that  study  has  been  made — West  Virginia  lias 
been  grouped  with  the  Southeastern  States  instead  of 
with  those  of  the  Northeast. 

The  States  included  in  the  several  areas  are  shown  in 
figure  4  which  also  gives  the  number  of  motor-vehicle 
registrations  in  the  several  areas  in  1921,  1930,  and 
1938.  This  graph  indicates  the  greater  proportional 
registration  growth  in  the  Southeastern  States  between 
1921  and  1938,  and  particularly  between  1921  and  1930, 
in  comparison  with  the  increases  in  other  areas.  Table 
2  shows  this  growth  strikingly  also  by  expressing  the 
data  as  persons  per  registered  vehicle,  at  the  beginning, 
middle,  and  end  of  the  period  studied.  Thus,  while 
the  change  ha  the  Southeast  constituted  a  63-percent 
decrease  from  1921  to  1930  in  the  number  of  persons 
per  vehicle,  the  corresponding  decrease  in  the  Northwest 
was  only  48  percent,  and  in  the  Far  West  50  percent. 

The  year-by-year  change  in  persons  per  vehicle  in 
the  several  regions  is  shown  in  figure  5  which  illustrates 
the  rapid  drop  for  all  areas  until  1929,  followed  by  the 


rise  during  the  depression  years  and  the  subsequent 
drop  again  for  all  regions  since  1933.  The  computa- 
tions for  this  figure  are  based  on  the  annual  midyear 
population  estimates,  by  States,  made  by  the  United 
States  Bureau  of  the  Census.  Computations  for  1938 
are  based  on  the  latest  available  population  estimates — 
those  for  1937. 

Table  2. — Persons  per  registered  motor  vehicle,  by  regions 


Region 

Persons  per  motor  vehicle  in— 

1921 

1930 

1938 

Northeast -          .  - .  

Southeast .     

12.1 
20.  1 
11).  2 
8.  1 
6.6 
6.0 

5.2 

7.4 
4.3 
3.  '■• 
:s.  i 

3.0 

4.8 
6  9 
1.  1 

Middle  States                                                -       

3.8 

3.  4 

Far  West 

2.  6 

United  States -  -.-   

10.4 

4.6 

4.4 

SOUTHEAST  REGION  HAS  GREATEST  NUMBER  OF  PERSONS 
PER  VEHICLE 

It  is  evident  that  though  since  1921  there  has  been  a 
relatively  greater  increase  in  the  number  of  vehicles  in 
relation  to  the  population  in  the  Southeast  than  in  any 
other  region,  it  still  is  considerably  higher  than  the 
country  as  a  whole  in  persons  per  vehicle.  Judged  by 
tins  criterion  alone,  the  Southeast  may  be  thought  of 
as  the  region  where  potentially  the  greatest  percentage 
increase  in  vehicles  may  occur  in  the  future. 

It  is  significant  that  all  of  the  11  States  having  over 
6  persons  per  vehicle  were  in  the  Southeast  region. 
In  Florida,  the  only  other  State  in  this  region,  the 
number  of  persons  per  vehicle  in  1938  was  lower  than 
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the  average  for  the  country.  The  lowest  States  in  this 
region  were  Florida  with  3.9,  Virginia  with  6.1,  and 
Louisiana,  North  Carolina,  and  South  Carolina  each 
with  6.5  persons  per  registered  motor  vehicle.  The 
nearest  approaches  to  these  figures  in  any  other  States 
were  Massachusetts  with  5.2,  Pennsylvania  with  5.1, 
New  York  with  5.0,  and  Missouri  and  Oklahoma  each 
with  4.8  persons  per  registered  motor  vehicle.  These 
conditions  for  Oklahoma  and  Missouri  may  be  ex- 
plained on  the  basis  of  the  economic  similarity  of  large 
areas  and  of  large  sections  of  the  population  in  those 
States  to  adjacent  Southern  States.  The  high  degree 
of  urbanization  of  Massachusetts,  New  York,  and 
Pennsylvania  with  an  accompanying  decrease  in  the 
economic  utility  of  a  car  for  large  portions  of  the  popu- 
lation and  the  presence  of  large  economically  depressed 
coal-mining  regions  in  Pennsylvania  provide  at  least 
partial  explanations  of  the  figures  for  those  States. 

Comparison  of  the  State  motor-vehicle-registration 
data  for  the  years  1929,  1930,  and  1931  reveals  that  the 
peaks  of  registration  during  that  period  were  reached 
at  different  times  in  different  States.  With  the  excep- 
tions of  Montana,  North  Dakota,  and  Oklahoma,  no 
western  State  reached  its  peak  in  1929.  On  the  other 
hand,  of  the  10  States  which  had  their  greatest  regis- 
tration for  the  period  in  1931,  4  were  in  the  West. 

In  a  study  of  trends  in  motor-vehicle  registration, 
however,  it  is  more  significant  that  in  11  States  regis- 
trations in  1938  were  less  than  in  the  peak  year  of  the 
1929-31  period  and  that  of  these,  only  Massachusetts 
and  the  District  of  Columbia  have  had  in  at  least  1  year 
since  1931  a  total  registration  which  exceeded  the  peak 
year  of  the  1929-31  period.  Table  3  shows  the  States 
where  such  conditions  existed  for  passenger  cars,  for 
trucks,  and  for  all  motor  vehicles.  Though  the  in- 
creases in  car  ownership  since  1934  have  been  con- 
siderable it  is  significant  that  in  almost  one-fifth  of  the 
States,  representing  10.6  percent  of  the  registrations  in 
1938,  motor-vehicle  registrations  had  not  yet  regained 
the  peak  reached  during  the  1929-31  period. 

Whether  recovery  in  registrations  is  only  delayed  in 
those  nine  States,  or  whether  the  1929-31  peak  will 
remain  an  all-time  high  or  will  remain  unequaled  for 
several  years  in  at  least  some  of  those  States  is  depend- 
ent on  many  national  economic  and  demographic 
factors.  Six  of  the  nine  States  recorded  their  greatest 
registrations  since  the  1929-31  period  in  1937,  but  the 
post-depression  high  was  reached  in  Nebraska  and  South 
Dakota  in  1936  while  the  registration  in  North  Dakota 
was  greater  in  1938  than  in  1937. 


Table  3. — Slates  in  which  registrations  since  1929-81  have  not 
reached  those  of  the  peak  year  of  that  period 


Passenger  cars 

Trucks 

All  motor  vehicles 

Arkansas. 

Delaware. 

Arkansas. 

Iowa. 

Michigan. 

Iowri. 

Kansas. 

New  Jersey. 

Kansas. 

Massachusetts. 

New  York. 

Mississippi. 

Mississippi. 

Ohio. 

Nebraska. 

Nebraska. 

Rhode  Island. 

North  Dakota. 

North  Dakota. 

Oklahoma. 

Oklahoma. 

South  Dakota. 

South  Dakota. 

Vermont. 

Vermont. 

r 

^ 
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Figure  6. — Number  of  Persons  Per  Registered  Passenger 
Car  by  Regions,  in  1938. 

southwest  region  has  smallest  ratio  of  passenger 
cars  to  trucks 

Some  further  indication  of  regional  characteristics 
may  be  brought  out  by  a  comparison  of  the  ratio  of  pas- 
senger-car to  truck  registrations  in  the  several  regions. 
Table  4  shows  the  results  of  that  analysis  by  regions  for 
1921,  1930,  and  1938.  The  comparison  in  table  2  of 
persons  per  registered  motor  vehicle  only  does  not 
present  a  complete  picture  of  vehicle  ownership  char- 
acteristics by  regions.  One  reason  for  this  is  that  the 
relative  ownership  and  use  of  trucks  varies  considerably 
in  different  parts  of  the  country,  particularly  among  the 
agricultural  population.  In  some  areas  trucks  serve 
both  for  the  usual  hauling  purposes  and  also  for  trans- 
portation of  persons.  In  other  areas,  the  use  of  trucks 
is  restricted  more  to  the  hauling  function.  Figure  6 
shows  for  1938  the  persons  per  registered  passenger  car 
in  the  several  regions.  This  chart  indicates  a  general 
similarity  between  passenger-car  and  total  motor-ve- 

Table  4. — Ratio  of  passenger  cars  to  trucks  by  regions 


Region 

Registration  years 

1921 

1930 

1938 

6.5 
7.8 
12.5 
8.7 
12.1 
11.8 

6.2 
6.4 
6.2 
7.0 
6.3 
7.7 

6.6 

4.8 

4.0 

Middle  States 

7.1 

Northwest 

■4.7 

Far  West 

6.6 

8.5 

6.6 

6.0 
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hide  registrations  by  regions,  with  the  Southeast  show- 
ing the  highest  number  of  persons  per  passenger  car 
and  the  Far  West  tbe  lowest  number. 

Table  4  shows,  however,  that  there  is  a  considerable 
difference  between  the  ratio  of  passenger  cars  to  trucks 
in  the  Middle  States  and  in  the  Southwest.  The 
observed  characteristic  of  the  Middle  States  is  prob- 
ably due  in  large  part  to  the  relatively  high  owner- 
ship of  passenger  cars  in  connection  with  the  automo- 
tive industry  in  Michigan  and  adjacent  States.  In 
contrast,  the  low  ratio  in  the  Southwest  probably 
indicates  the  more  general  use  of  trucks  for  purposes 
for  which  passenger  cars  are  used  in  other  areas. 
Conditions  in  the  Southeast  and  Northwest  are  also 
apparently  somewhat  similar  in  this  respect  to  those  in 
the  Southwest. 

It  is  particularly  surprising  to  note  the  condition  in 
the  Northeast.     It  is  the  only  region  where  the  ratio 


of  passenger  cars  to  trucks  was  higher  in  1938  than  in 
both  1930  and  1921.  No  explanation  of  this  condition 
is  immediately  apparent  though  registration  practices 
may  have  had  considerable  effect. 

In  addition  to  the  29,485,680  privately  owned  pas- 
senger cars  and  trucks  registered  in  1938,  there  were 
also  in  operation  109, 7G1  Federal  motor  vehicles  and 
257,469  State,  county,  and  municipal  motor  vehicles. 
These  figures,  shown  in  table  5,  represent  a  4.7  percent 
increase  in  Federal  vehicles  and  an  11.3  percent  increase 
in  other  publicly  owned  vehicles  in  1938  over  1937. 
This  tabulation  also  illustrates  strikingly  the  inade- 
quacies of  present  registration  practice  in  the  several 
States.  In  some  instances  publicly  owned  vehicles  are 
included  with  those  privately  owned;  in  others  no 
record  is  kept  of  such  vehicles  at  all ;  and  in  still  others 
there  is  no  segregation  between  Federal  vehicles  and 
those  owned  by  the  States,  counties  and  municipalities. 


Table  5. — Publicly  owned  vehicles  in  the  United  States  in  19S8 


State 


Alabama 

Arizona. 

Arkansas. 

California.. 

Colorado 

Connecticut 

Delaware 

Florida 

Georgia 

Idaho 

Illinois 

Indiana 

Iowa... 

Kansas. 

Kentucky.. 

Louisiana 

Maine.. 

Maryland 

Massachusetts 

Michigan. 

M  innesota 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada 

New  Hampshire 

New  Jersey 

New  Mexico 

New  York 

North  Carolina 

North  Dakota 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode  Island 

South  Carolina 

South  Dakota _. 

Tennessee.. 

Texas... 

Utah... 

Vermont 

Virginia. 

Washington 

West  Virginia 

Wisconsin 

Wyoming 

District  of  Columbia 
At  large ' 

Total 


Federal ' 


Motor  vehicles 


Passenger  motor  vehicles 


Auto 
mobiles 


440 
496 
270 
1,121 
367 

64 

15 
349 
582 
134 
507 
193 
187 
230 
277 
413 
119 
379 
428 
304 
395 
174 
317 
389 
243 
141 

21 
266 
457 
919 
380 
154 
390 
507 
337 
482 

43 
245 
208 
369 
1,193 
265 
126 
408 
603 
148 
267 
205 
354 
1,090 


17,971 


Motor 
busses 


647 


Total 


453 
569 
278 
1,192 
390 

65 

15 
359 
621 
137 
516 
194 
188 
232 
280 
429 
120 
400 
448 
309 
398 
192 
332 
392 
246 
146 

21 
271 
409 
955 
393 
173 
400 
527 
345 
487 

55 
262 
221 
369 
1,226 
268 
128 
450 
608 
150 
270 
209 
361 
1,099 


IS,  618 


Motor 
trucks, 
tractor 
trucks, 
etc. 


1,539 
1,805 
1,789 
6,347 
1,957 

590 

297 
1,428 
2,044 
1,404 
2,801 
1,437 
1,224 
1,272 
1,291 
1,398 

432 
1,966 
2.269 
2,233 
2,111 
1,283 
1,753 
1,  698 

953 

550 

634 
2,492 
1,709 
4,674 
1,788 

615 
2,076 
1,908 
2,476 
3,496 

405 
1,308 
1,020 
1,799 
4,142 
1,490 

520 
",  781 
2,607 
1,038 
2,030 
1,091 

901 
4,272 


91,143    109,761 


Total 
motor 
vehicles 


1,992 
2,374 
2,067 
7,539 
2,347 
655 
312 
1,787 
2,665 

1,  541 
3,317 
1,631 
1,412 
1,504 
1,571 
1,827 

552 
2,366 
2,717 

2,  542 
2,509 
1,475 
2,085 
2,090 

1,  199 
696 
655 

2,763 
2,178 
5,629 

2,  181 
788 

2,476 
2,435 
2,821 
3,983 

460 
1,570 
1,241 
2,  168 
5,368 
1,  758 

648 
3,231 
3,215 
1,188 
2,300 
1,300 
1,262 
5,371 


Trailer: 
and 
semi- 
trailers 


56 

97 
25 
276 
23 

6 
4 
25 
45 
so 
98 
86 
22 
61 
11 
'J  7 
10 
61 
31 
81 
56 
57 
17 

27 
14 

21 
19 
26 
67 
49 
42 
12 
85 
42 
33 

123 
16 
It 
17 
45 

148 
56 
14 

217 
77 
6 
39 
26 
20 
45 


2,564 


Motor- 
cycles 


109 

13 

5 

21 

11 

17 

111 

1 

6 


799 


Total 
vehicles 


2,051 
2,475 
2,093 
7,890 
2,377 

662 

316 
1,827 
2,743 
1,621 
3,434 
1,  732 
1,440 
1,574 
1,691 
1,867 

587 
2,448 
2,759 
2,640 
2,575 
1,533 
2,118 
2,117 
1,221 

719 

675 
2,803 
2,245 
5,759 
2,226 

800 
2,567 
2,491 
2,858 
4,130 

477 
1,589 
1,260 
2,215 
5,591 
1,824 

662 
3,500 
3,319 
1,194 
2,344 
1,335 
1,344 
5,426 


113,124 


State,  county,  and  municipal  > 


Motor  vehicles 


Passenger  motor  vehicles 


AutO' 
mobiles 


527 
1,264 


1,450 


1,130 
1,033 
341 
2,573 
1,  784 
1,309 


1,011 

1,971 

630 


539 
147 


4,180 

571 

6,  462 


3,234 


1,  672 

5,601 

492 


227 


2,350 
332 


2,  685 
1,644 
1,760 
1,232 
297 
«  1,235 


50,  284 


Motor 
busses 


207 
1,042 


1,577 
4,  850 


7, 125 


122 


3,989 
228 


1,  621 
"""344 


22,  290 


Total 


734 
2,306 


1,450 


1,837 

1,  033 
485 

2,  573 
1,784 
1,309 


1,011 

2,003 

717 


591 
172 


4,180 
571 

8,039 
4,850 


10,  359 


1,  672 

5,739 

492 


6,  339 
560 


2.635 

3,265 
1,  760 
1,  576 
297 
1,  265 


72,  574 


Motor 
trucks, 
tractor 
trucks, 
etc. 


1,320 
887 


2,441 


3.  235 
2.  986 
1,063 
6,919 
4,385 
4,745 


3,314 
2,  722 

1.370 


1,606 


1,871 
407 


6,  297 

340 

18,014 


8,  409 


2,  399 

12,  Oil 

917 


783 


9,  566 

818 


2,  785 
3,685 

3,319 

6.071) 

381 

1,101 


117,239 


Type 
not  re- 
ported 


24,  502 


5,  700 


4,790 


0,  821 
099 


4,468 
"7,"  105' 


67,  653 


Total 
motor 
vehicles 


3,755 

2,054 

3,193 

24,  502 


3,891 
896 
5,  072 
4,019 
1,548 
9.492 
6,169 
6,054 


4,  325 
4,725 
2,  087 


5,700 


4,790 


2,177 

2,201 

2,462 

639 


10,477 
911 

26,  083 

11,671 
699 

18,  768 
6,719 
4,071 

17,  800 
1,409 
4,468 
1,  132 
7, 105 

15.  905 
1,378 


5,470 
6,950 
5,109 
8,546 
681 
2,366 


Trailers 
and 
semi- 
trailers 


181 

13 


87 
25 

317 
63 
89 

323 


357 


330 

164 


1,  125 


403 
23 


1,193 
64 


165 
33  i 

11-, 

'.Ml 

5  7 

1116 


257,  469 


Motor- 
cycles 


143 

23 

31 

1,157 


294 
02 
168 
138 
11 
B54 
195 
66 


545 

41 

1,038 


576 


1,226 
105 

146 
12 


378 
46 


183 

164 

70 

361) 


8,610 


8,081 


Total 
vehicles 


3,898 
2,258 
3,237 

27,  305 
(«) 

4,272 
983 
5,557 
4,220 
1,648 

10,  469 

»  6,  364 

»  6,  477 
(') 

«  4,  325 

«  5, 168 
2,282 
(<) 

5,700 
(«) 

4,790 
(') 
2,186 

»  2, 201 
2,508 
695 
(') 

11,022 

952 

»  28,  000 

11,671 
699 

20,  469 
6,719 
4,071 

19,  489 
1,537 
4,614 
1,296 
7,105 

17,476 
1,488 
0) 

•5,818 
7,450 
5,327 
9,110 
738 
2,566 


274,  100 


'  Because  the  2  parts  of  this  table  were  obtained  from  different  sources,  and  the  State,  county,  and  municipal  figures  contain  some  duplication  of  Federal  vehicles,  totals 
of  all  publicly  owned  vehicles  are  not  given.    Data  given  in  this  table  are  included  in  condensed  form  in  table  State  Motor- Vehicle  Registrations,  1938. 

2  This  information  was  obtained  by  the  Procurement  Division,  Department  of  the  Treasury,  by  means  of  a  circular  letter  addressed  to  all  departments  and  independent 
offices. 

3  This  information,  compiled  from  reports  of  State  authorities,  is  incomplete  in  rnauy  cases.    Some  States  give  State-owned  vehicles  onlv;  others  exclude  from  registration 
certain  classes,  such  as  fire  apparatus  and  police  vehicles. 

1  Not  reported.    Included  with  private  and  commercial  registrations  in  table  State  Motor- Vehicle  Registrations,  1938. 

•  Includes  unknown  number  of  Federal  vehicles. 

•  Includes  405  automobiles  of  the  diplomatic  corps. 

7  Includes  2,314  War  Department  vehicles  operated  in  military  reservations,  arsenals,  etc.,  but  not  distributed  to  State  of  domicile. 
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8  00  DOLLARS  OR  LESS  PER  VEHICLE  H^n      12  01  -  1600  DOLLARS  PER  VEHICLE 

8  01 -12  00  DOLLARS  PER  VEHICLE  l^^n     MORE  THAN  1600  DOLLARS  PER  VEHICLE 


Figure  7. — Classification  of  States  According  to  Aver- 
age Motor-Vehicle  Registration  Fees  in  1938. 

Consequently,  the  data  of  table  5  serve  only  as  an 
indication  of  the  extent  of  public  vehicle  ownership  and 
should  not  be  considered  a  definitive  tabulation  of 
publicly  owned  vehicles  in  the  United  States  in  1938. 

STATES  RANKED  ACCORDING  TO  REGISTRATIONS  AND  FEES  PAID 

The  Administration's  statistical  table  State  Motor- 
vehicle  Receipts,  1938,  published  in  the  June  1939, 
issue  of  Public  Roads,  revealed  a  slight  decrease  in 
total  collections  from  those  reported  for  1937.  Re- 
ceipts of  registration  fees  rose  from  $328,285,000  in 
1937  to  $330,866,000  in  1938,  an  increase  of  0.8  percent; 
but  reductions  in  other  receipts,  including  those  from 
operators'  and  chauffeurs'  permits,  certificates  of  title, 
and  transfer  or  reregistration  fees,  caused  the  total 
receipts  to  fall  from  $399,613,000  in  1937  to  $388,825,- 
000  in  1938,  a  decrease  of  2.7  percent. 

While  it  has  been  observed  that  there  are  rather 
general  regional  patterns  of  motor-vehicle  ownership 
in  the  several  States,  such  patterns  are  not  so  marked 
in  the  case  of  motor-vehicle  receipts.  Figure  7  shows 
the  grouping  of  States  by  various  average  registration 
fees  paid  and  indicates  that  a  general  pattern  compar- 
able with  that  of  figure  3  is  not  apparent.  In  general, 
the  lowest  average  fees  are  charged  in  the  Western 
States  but  the  Eastern  and  Southern  States  of  Georgia, 
Kentucky,  Massachusetts,  and  South  Carolina  are  in 
the  lowest  group  and  Georgia  collects  the  lowest  aver- 
age fee  of  any  State.  These  data  are  presented  in 
more  detail  in  table  6  for  passenger  cars  and  trucks  as 
well  as  for  all  motor  vehicles.  It  will  be  seen  that 
average  passenger-car  fees  range  from  $2.74  in  Georgia 
to  $18.12  in  Vermont,  that  average  truck  fees  range 
from  $6.56  in  Georgia  to  $63.48  in  Vermont  and  that 
average  fees  for. all  motor  vehicles  range  from  $3.39 
to  $22.81  in  the  same  States. 

The  figures  for  Vermont  are  not  truly  representative 
because  the  lighter  trucks  are  included  in  the  passenger- 
car  registrations,  thus  raising  the  average  of  those  fees 
in  comparison  with  other  States.  This  illustrates 
another  of  the  weaknesses  of  existing  registration  data 
when  comparisons  such  as  these  are  desired. 

Table  7  shows  the  ranking  of  the  States  in  193S  in 
registrations,  in  gross  receipts  from  motor-vehicle 
license  fees,  in  average  motor-vehicle  receipts  per 
vehicle,  revenue  from  the  motor-fuel  tax,  average  motor- 
fuel  tax  receipts  per  vehicle,  and  average  motor-vehicle 
and  motor-fuel  tax  receipts  per  vehicle.  It  will  be 
observed    that    there   is    apparently   little    correlation 


between  the  ranking  of  the  States  according  to  number 
of  vehicles  registered  and  according  to  motor- vehicle 
registration  receipts.  This  is  to  be  expected,  of  course, 
because  of  the  wide  disparity  in  registration  fees  charged 
in  the  several  States. 

Table  6. — Average  registration  fees  per  vehicle  in  1938 


Stain 


Alabama 

Arizona _ 

Arkansas 

California 

Colorado.. _ 

Connecticut 

Delaware 

Florida 

Georgia 

Idaho 

Illinois 

Indiana 

Iowa 

Kansas. 

Kentucky 

Louisiana 

Maine... 

Maryland _. 

Massachusetts 

Michigan 

Minnesota 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada. 

New  Hampshire 

New  Jersey 

New  Mexico 

New  York 

North  Carolina 

North  Dakota 

Ohio 

Oklahoma 

Oregon 

Pennsylvania 

Rhode  Island 

South  Carolina. 

South  Dakota 

Tennessee 

Texas 

Utah... 

Vermont 

Virginia 

Washington 

West  Virginia 

Wisconsin 

Wyoming 

District  of  Columbia . 


Average  for  United  States. 


Passenger 
vehicles  ' 


2  9.  25 


Motor 
trucks 


$17. 87 
17.24 
13.61 

8.70 
20.20 
27.28 
25.28 

6.56 
22  43 
27.37 
13.27 
30.99 

9.44 
19.25 
16.51 
19.38 
11.20 
13.22 
37.37 
16.75 


10.00 
7.70 
13.  73 
11.96 


30.33 
20.41 
36.  17 
36.24 
10.01 
42.24 
18.66 
17.97 
34.88 
25.  19 
14.13 
7.86 


21.14 
20.58 
63.48 
20.08 
13.20 
23.  22 
22.00 
10.92 


2  22.  66 


Average  for 
all  motor 
vehicles 


$12.  78 
6.28 
11.32 
8.38 
6.16 
9.65 
13.95 
13.75 
3.39 
16.46 
11.19 
8.23 
15.12 
6.03 
7.17 
12.92 
13.85 
9.06 
4.88 
12.64 
10.75 
18.34 
9.88 
6.82 
5.24 
6.38 
18.19 
13.80 
12.91 
16.80 
12.79 
8.06 
11.96 
8.22 
7.27 
14.02 
13.13 
4.57 
8.76 
9.80 
12.09 
7.25 
22.81 
12.34 
4.75 
16.41 
14.73 
6.83 
8.18 


11.22 


1  Includes  automobiles  and  busses.  In  some  States  busses  are  registered  with 
motor  trucks.  In  Alabama,  Mississippi,  New  Hampshire,  Tennessee,  and  the 
District  of  Columbia,  no  classification  of  registration  fees  by  types  was  available. 

2  Excluding  those  States  for  which  no  segregation  of  fees  was  available. 

It  will  be  noted  that  the  average  receipts  from  motor- 
fuel  taxes  vary  much  less  than  do  receipts  from  motor- 
vehicle  registration  fees.  The  maximum  is  the  $54.92 
average  for  Florida  where  the  State  tax  is  7  cents  per 
gallon  and  a  large  amount  of  gasoline  is  used  by  non- 
residents. The  latter  fact,  particularly,  causes  certain 
of  the  State  figures — -based  on  registrations — to  be  in- 
flated when  compared  with  data  for  other  States.  The 
lowest  collections  per  vehicle  were  in  Missouri,  North 
Dakota,  and  the  District  of  Columbia.  The  first  and 
last  of  these  can  be  explained  by  the  2-cent  gas  tax  in 
effect,  while  in  North  Dakota  the  refund  procedure 
followed  acts  to  reduce  the  average  tax  collected  per 
vehicle.  California,  Iowa,  Kansas,  and  Michigan,  all 
with  motor-fuel  tax  rates  of  3  cents  per  gallon,  also 
received  less  than  $20  in  motor-fuel  taxes  per  vehicle. 
The  remaining  five  States  with  3-cent  tax  rates  all 
collected  less  than  $24  per  vehicle  in  motor-fuel  taxes 
and  of  these,  only  two — Massachusetts  and  New 
Jersey — collected  more  than  $21  per  vehicle  from  such 
taxes. 
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Table  7. — Total  motor  vehicles  registered,  State  registration  fees,  motor-fuel  taxes  paid,  and  averages  per  vehicle,  in  1938  l 


State 


Alabama 

Arizona 

Arkansas. 

California 

Colorado 

Connecticut 

Delaware. 

Florida 

Georgia 

Idaho 

Illinois. 

Indiana.. 

Iowa... 

Kansas 

Kentucky 

Louisiana 

Maine 

Maryland 

Massachusetts 

Michigan _ 

M  innesota 

Mississippi 

Missouri 

Montana 

Nebraska 

Nevada 

New  Ham  pshire 

New  Jersey 

New  Mexico 

New  York 

North  Carolina 

North  Dakota.. 

Ohio.... 

Oklahoma 

Oregon _ 

Pennsylvania 

Rhode  Island 

South  Carolina 

South  Dakota 

Tennessee 

Texas 

Utah 

Vermont 

Virginia.. _ 

Washington. 

West  Virginia _. 

Wisconsin 

Wyoming 

District  of  Columbia.  _. 

1938  totals 

1937  totals 

Increase  or  decrease 


Number  of 

registered 

private 

and 

commercial 

passenger 

cars, 

busses, 

and 
trucks 


301,  990 
l'.'S,  791 
220,  391 
510,  807 
332,  774 
440,  335 

64,  078 
423,  021 
432,  300 
137,  851 
780,  8fi5 
922,  788 
740,  021 
573.  985 
414, 207 
326, 199 
196,  690 
395,  347 
843,  789 
408, 835 
821,241 
215,  195 
837,118 
171,326 
407,  330 

38,  424 
124,379 
Ollft,  r.SI 
116,537 
584, 123 
537,  242 
174,  256 
870.  249 
535,  399 
357,  321 
976,  466 
168,  888 
287,913 
ISO,  632 
398,  624 
548.  343 
127,064 

87, 402 
441.462 
523,  328 
275,  691 
840,  291 

80,  765 
162,  863 


29,  485,  680 


29,  705,  220 


Rank  of 
State 


-219,540  (-0.7  per- 
cent) 


Total 
receipts 
from 
State 
motor- 
vehicle 
registra- 
tion and 
other 
fees 


1,000 
dollars 
4.314 
1,076 
2,908 

23, 930 
2.544 
6.611 
1,216 
6,  432 
1,974 
2,380 

21,591 
9,  635 

11.797 
3,823 

4,  599 
4,892 
3.  582 

5,  069 

6,  759 
20,  856 

9,  377 
4,001 
9,439 
1.546 
2,442 
265 
2,711 

20.  204 
1,643 

47.  124 
7.211 
1.  523 

27.  204 
5.779 
2  922 

34,  513 
2,778 
1,633 
1,  9S3 
4, 173 

20,  263 
1,097 
2,365 
6,134 
3,  262 
5.  498 

13,001 

601 

2,145 


388,  825 


399,  613 


Rank  of 
State 


Average 
State 
motor- 
vehicle 
receipts 

per 
vehicle 


$14.  28 
8.35 
13. 19 
9.53 
7.04 

15.  01 
18.98 
15.20 

4.56 
17.27 
12.12 
10.44 
15.94 

6.66 
H.  10 
15.00 
18.  21 
12.82 

8.01 
U.80 
U.42 
18.59 
U.28 

9.02 

5.99 

6.  (10 
21.80 
20.  19 
14.10 
18.23 
13.42 

8.74 

14.  51 
10.79 

8.18 
17.46 

16.  45 
5.67 

10.98 
10.47 
13.09 

8.64 
27. 06 
13.89 

6.23 
19.94 

15.  47 
7.44 

13.17 


13.19 


13.45 


Rank  of 
State 


—  10,788  (—2.7  percent  on  total) 


Revenue 
from 
State 
motor- 
fuel  tax 


1,000 
dollars 

13.  579 
4,243 

10.  092 

47.117 
7.  465 
9,242 
2,073 

23.  232 

19,  633 
4.085 

22,  770 
13,234 
10, 168 
12,  531 
16.  627 
5,  558 
9,929 

20,  194 
27,  683 
19,  570 
10,  181 
11,636 

4,  452 
11,139 

1,202 

3,  298 
22.  362 

4.090 
66.  195 
24,308 

2,  31S 
45,  982 
13,910 

9,  838 
52,001 

3,  495 
11.462 

4.102 
10.  231 
42.  747 
3.478 
2.  530 
16,621 
15.  431 
9.  397 
19,  417 
2,478 
2,  520 


771,  764 


761,998 


Rank  of 
State 


Average 
State 
motor- 
fuel  tax 
receipts 

per 
vehicle 


$11.97 
32.  91 
45.  79 
18.77 

27.  43 
20.  99 

54.  92 
45.41 

29.  63 
20.  7 1 

24  68 
17  88 
17.71 

30.  25 
50.  97 

28.  26 
25.  1 1 
23. 93 
19.65 
23  83 
47.31 
13  90 

25.  99 
27.  35 
31.28 

26.  51 
2°  3." 
35.  09 
25.  62 
45.  25 
13  30 
24.59 

25  98 
•_'7.  53 
26.31 
20.  69 
39.  81 
22.71 
48.24 
27.61 
27.38 
28.95 
37.65 
29.49 
34.09 
23.14 
30.  68 
15.  47 


26  17 


25.  or 


Rank  of 
State 


9,766  (1.3  percent  on  total) 


Average 
State 
motor- 
vehicle 

and 
motor- 
fuel  tax 
receipts 

per 
vehicle 


$59  25 
41.29 
58  98 
28  30 
30.07 
36  00 
51.33 
70.  12 
49.  97 
40.  90 
32  83 
35.  12 

33.  82 

21.  37 
41.35 
65,  97 
46.  47 
37.  93 
31.94 

34.  45 

35.  25 
65.  90 
25.18 
35.01 
33.34 
38  IS 
48.31 

42.  54 
49.19 

43.  85 
58.  67 

22.  04 
39.13 

hi;  77 

3:,  7! 
43.  77 
37.14 
4.-..  48 

58.  71 
40.70 
36.02 
56.  01 
51.  54 
35.  72 
54.  03 
3S.  61 
38  12 
28.  64 


39.  36 


39.10 


Rank  of 
State 


1 
22 

5 
15 

II 
32 
11 

1 
12 
15 
42 
36 
39 
4  7 
21 

2 
16 
28 
43 
:;s 
35 

3 

46 
37 
41 
26 
1  1 
-'ii 
13 

18 

7 
48 
24 
30 
34 
19 
'.".i 
17 
40 

6 

23 
31 

8 
in 
33 

9 

25 
27 


-0.1  percent  on  both 
totals 


This  tabulation  is  based  on  tables,  State  Motor-Fuel  Tax  Receipts,  State  Motor- Vehicle  Registrations,  and  State  Motor-Vehicle  Receipts,  1938. 


The  figures  in  table  8  indicate  that  although  motor- 
vehicle  receipts  in  1938  were  well  above  those  collected 
in  1930,  the  peak  year  of  the  1929-31  period,  receipts 
dropped  much  more  rapidly  after  1930  and  again  in 
1938,  than  did  passenger-car  or  truck  registrations.  In 
contrast,  the  percentage  of  increase  in  receipts  in  1937 
was  much  greater  than  the  percentage  of  increase  in 
registration  of  passenger  cars  or  trucks. 

WESTERN  STATES  HAVE  LOWEST  REGISTRATION  FEFS 

It  has  been  noted  that  motor-vehicle  registrations  in 
1938  in  11  States  were  less  than  during  the  peak  year  of 
the  1929-31  period.  In  the  case  of  motor-vehicle 
receipts  this  condition  is  even  more  pronounced,  for  25 
States  in  1938  collected  less  from  motor- vehicle  im- 
posts than  they  did  in  the  peak  year  of  the  1929-31 
period.  This  included  3  of  the  4  States  in  the  Far  West, 
Oklahoma  and  Texas  in  the  Southwest,  all  but  Colorado, 
Idaho,  and  Utah  in  the  Northwest,  6  of  the  12  States 
in  the  Southeast,  only  Connecticut,  Massachusetts,  and 


Vermont  in  the  Northeast,  and  all  but  Illinois,  Indiana 
and  Ohio  in  the  Middle  States. 

Many  of  these  decreases  are  due  to  changes  in  basic 
registration  rates  since  1929  and  a  shift  from  registration 
fees  to  increased  motor-fuel  taxation  as  a  source  of  funds 
for  the  support  of  highways.  While  the  trend  is  not  so 
pronounced  today,  there  is  some  indication  that  for  the 
present  the  general  movement  for  lower  registration  fees 
is  over,  even  though  legislatures  in  several  States  during 
recent  sessions  considered  various  bills  embodying 
downward  revisions  of  registration  fees  for  passenger 
cars.  Since  average  registration  fees  in  the  different 
regions  vary  by  almost  100  percent,  it  is  reasonable  to 
expect  continued  agitation  for  revision  in  the  fees 
charged. 

Table  9  shows  that  the  average  registration  fees 
range  from  $7.11  in  the  Northwest  States  to  $13.46  in 
the  Northeast  States.  This  regional  comparison  bears 
out  the  indications  of  figure  7  that  the  lowest  average 
fees  generally  were  collected  in  the  Western  States. 
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Table   8. — Comparison   of  changes  in  registrations   and  motor- 
vehicle  receipts,  1921-88 


Year 

Increase  or  decrease  in 
motor-vehicle  re- 
ceipts from  previous 
year 

Increase  or  decrease  in 
registration  of— 

Amount 

Percent 

Passenger 
cars  ' 

Trucks 

1922       

1,000 

dollars 

29, 569 

36, 923 

36,  521 

35, 127 

27,  663 

12, 779 

21,569 

25,214 

7,861 

-11,367 

-20,  064 

-22, 959 

5.945 

15,714 

36, 809 

39, 830 

-10,788 

24.1 

24.3 

19.3 

15.6 

10.6 

4.4 

7.2 

7.8 

2.3 

-3.2 

-5.8 

-7.1 

2.0 

5.1 

11.4 

11.1 

-2.7 

Percent 

16.3 

23.8 

14.7 

13.2 

9.9 

5.1 

5.7 

8.2 

-.3 

-3.1 

-6.5 

-1.2 

4.3 

4.9 

7.1 

5.3 

-.7 

Percent 
23.0 

1923    

19.2 

1924     -     

32.8 

1925                        -   -   -   

14.4 

1926              --- 

13.2 

1927                      

5.4 

1928    -     

6.9 

1929            .    .   

8.5 

1930                          - 

3.1 

1931    - --- 

-.6 

1932    

-6.8 

1933    -- 

(2) 

1934          

5.8 

1935    -.- 

6.7 

1936    - - 

9.3 

1937     

6.7 

1938          

-.7 

'  Includes  busses. 

'  Less  than  0.1  percent. 


Table  9. — Average  motor-vehicle  registration  fees  by  regions,  19S8 

Region 

A  verage  regis- 
tration fee 

$13.46 

10.96 

10.92 

11.75 

7.11 

Far  West  .._                 - 

7.69 

11.22 

Table  10  gives  the  average  registration  fees  and  other 
motor-vehicle  imposts  collected  in  the  several  regions 
in  1921,  1930,  and  1938.  Differences  in  classification 
make  it  difficult  to  compare  these  regions  satisfactorily 
for  different  years  on  any  other  basis  than  that  of  total 
motor-vehicle  imposts  collected.  In  many  States, 
records  were  so  maintained  in  1921  that  segregation  of 
fees  by  types  of  vehicles  as  well  as  by  miscellaneous 
types  of  fees  could  not  be  obtained.  Unfortunately, 
for  desirable  comparisons  winch  might  be  made,  this  is 
still  true  for  many  States. 

The  comparison  in  table  10  of  average  motor-vehicle 
imposts  by  regions  in  1921,  1930,  and  1938,  indicates  no 
pronounced  trend  in  the  average  amoimt  of  such  im- 
posts collected  since  1921.  In  all  regions  except  the 
Far  West,  the  average  amounts  collected  in  1938  were 


above  the  average  amounts  collected  in  1921,  the 
greatest  increase  being  in  the  Southwest,  amounting 
to  35  percent.  Much  of  this  increase  is  due  not  to 
changes  in  registration  fee  schedules  but  to  additional 
charges  levied  on  motor-vehicle  owners  since  1921. 
For  example,  the  licensing  of  operators  and  chauffeurs 
and  the  collection  of  fees  therefor  is  much  more  wide- 
spread today  than  in  1921.  Other  charges  such  as 
fines  and  penalties  and  certificates  of  title  and  transfer 
fees,  individually  small  but  providing  considerable 
sums  of  revenue,  are  included  in  the  total  of  motor- 
vehicle  imposts. 

Table  10. — Average  registration  fees  and  other  motor-vehicle 
imposts  per  registered  vehicle,  by  regions,  in  1921,  19S0,  and 
1938 


Region 

Average  fee  In — 

1921 

1930 

1938 

Northeast _ 

$13. 82 
12.18 

9.13 
11.37 

8.13 
12.48 

$16. 80 
15.24 
10.66 
12.42 
10.17 
9.84 

$16.  79 

12.68 

Southwest 

12.35 

Middle  States 

13.33 

8.21 

Far  West                                - 

8.86 

United  States 

11.71 

13.40 

13.19 

Analyses  of  mo  tor- vehicle  data  will  be  materially 
aided  when  more  uniform  methods  and  classifications 
are  adopted  by  the  several  States.  At  present,  busses 
are  sometimes  included  with  passenger-car  registrations, 
sometimes  with  trucks,  sometimes  shown  separately; 
and  the  segregation  of  such  registrations  at  the  end  of 
the  registration  year  is  usually  not  economically 
practicable.  Similar  conditions  exist  with  reference 
to  certain  types  of  trucks  registered  with  passenger 
cars  and  with  reference  to  certain  types  of  commer- 
cially operated  passenger  cars  registered  with  trucks. 

There  has  been  marked  improvement  in  registration 
practice  in  recent  years  as  far  as  the  segregation  of 
vehicles  by  types  is  concerned  but  much  improvement 
is  still  possible  in  the  segregation  of  registration  fees 
by  types  of  vehicles.  Table  6  indicates  that  in  five 
States  no  segregation  is  possible.  Moreover,  the  re- 
ported segregations  are  believed  to  be  of  doubtful 
accuracy  in  other  States.  However,  analysis  of  the 
existing  data,  unsatisfactory  as  they  are  in  certain  re- 
spects, makes  possible  the  general  observations  and 
conclusions  noted  in  this  discussion  and  suggests  that 
further  study  of  social,  economic,  and  demographic 
factors  in  the  United  States  will  reveal  other  impor- 
tant relationships  to  motor-vehicle  statistics. 


HIGHWAY  RESEARCH  BOARD  WILL  MEET  IN  DECEMBER 

The  Nineteenth  Annual  Meeting  of  the  Highway  Research  Board  of  the  National  Research  Council  will  be 
held  in  Washington,  D.  C,  Tuesday  to  Friday,  December  5-8,  1939.  Reports  on  highway  research  investigations 
will  be  presented,  and  the  formal  meetings  of  the  Board  will  be  supplemented  with  open  meetings  for  informal 
discussion  of  pertinent  topics.     A  program  of  reports  will  be  announced  by  the  Board  about  November  1. 
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STUDIES  OF  WATER-RETENTIVE  CHEMICALS 
AS  ADMIXTURES  WITH  NONPLASTIC  ROAD- 
BUILDING  MATERIALS 

BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  E.  A.  WILLIS,  Associate  Highway  Engineer,  and  C.  A.  CARPENTER,  Associate  Civil  Engineer 


DURING  the  past  several  years  the  Public  Roads 
Administration  has  conducted  laboratory  and  field 
studies  of  various  types  of  base-course  materials 
and  the  factors  that  influence  their  behavior  in  service. 
The  results  of  two  of  the  laboratory  investigations 
have  been  published  in  recent  issues  of  Public  Roads.1 
Observation  of  the  behavior  of  soil  road  surfaces  and 
the  performance  of  the  same  materials  following  the 
application  of  bituminous  surfaces  has  suggested  the 
need  for  laboratory  study  of  this  type  of  construction. 
Such  observations  have  already  established  the  follow- 
ing facts: 

1.  Mixtures  of  granular  aggregate  and  clay  binder 
that  form  highly  stable  road  surfaces  may  become 
unstable  as  bases  when  covered  with  a  waterproof 
surfacing. 

2.  Nonplastic  granular  materials,  having  gradings 
within  definitely  established  limits,  provide  stable  base 
courses  for  relatively  thin  bituminous  surface'  treat- 
ments. 

3.  These  same  nonplastic  materials  when  subjected 
to  traffic  prior  to  surface  treatment  may  be  loose  and 
dusty  in  dry  weather  and  the  loss  of  surface  metal  may 
be  excessive. 

4.  Moisture  films  serve  to  bind  such  nonplastic 
aggregates  into  a  coherent  road  surface. 

5.  Certain  chemicals  used  either  as  admixtures  or 
surface  applications  aid  materially  in  maintaining  these 
moisture  films  under  suitable  climatic  conditions. 

This  report  describes  investigations  using  the  out- 
door circular  track,  shown  in  figure  1,  to  determine 
the  effect  of  the  water-retentive  chemicals,  calcium 
chloride  and  sodium  chloride,  on  nonplastic  granular 
mixtures  under  controlled  traffic  and  moisture  condi- 
tions both  before  and  after  the  application  of  a  thin 
bituminous  surface  treatment. 

The  circular  track  used  in  these  investigations  was, 
with  the  exception  of  tire  equipment,  a  duplicate  of  the 
indoor  track  used  in  the  studies  previously  reported.1 
The  test  wheels  for  the  outdoor  setup  were  equipped 
with  high-pressure  tires,  size  30X5,  requiring  an  infla- 
tion pressure  of  80  pounds  per  square  inch  instead  of  the 
size  6.00-20  low-pressure  tires  that  were  used  with  the 
indoor  equipment.  The  load  was,  as  in  the  indoor 
track  tests,  800  pounds  on  each  wheel.  This  was  in- 
creased to  1,000  pounds  near  the  end  of  some  of  the 
tests. 

Distributed  traffic  which  was  used  for  compacting 
and  testing  the  unsurfaced  mixtures  was  obtained  by 
gradually  shifting  the  rotating  beam  longitudinally 
with  respect  to  its  axis  of  rotation,  causing  the  wheels 
to  pursue  alternately  expanding  and  contracting  spiral 
courses  covering  the  entire  track  area.  Concentrated 
traffic,  which  was  used  after  the  surface  treatment  had 
been  constructed,  was  obtained  by  locking  the  sliding 

1  A  study  of  Sand-Clay  Materials  for  Base-Course  Construction,  by  C.  A.  Car- 
penter and  E.  A.  Willis.  Public  Roads,  November  1938.  A  study  of  Sand-Clay- 
Gravel  Materials  for  Base-Course  Construction,  by  C  A.  Carpenter  ami  E.  A.  Willis. 
Public  Roads,  March  1939. 
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pivot  of  the  beam  in  such  a  position  that  the  wheels 
pursued  two  concentric  circular  courses  whose  center 
lines  were  about  2l/2  inches  on  either  side  of  the  center 
line  of  the  track. 


Figure  1. — The  Outdoor  Circular  Track  Used  in  Testing 
Road-Building  Materials.  In  the  Background  Is  the 
Movable  Shed  Used  to  Cover  the  Track  at  Night  and 
During  Rainy  Weather. 

This  investigation  involved  the  construction  and 
testing  of  20  track  sections.  Each  section  was  18  inches 
wide,  6  inches  deep,  and  approximately  7.5  feet  long. 
Five  sections  comprised  a  test  track  and  were  tested  as 
a  group.  Thus  four  tracks  were  required  to  test  the 
20  sections. 

VARIOUS  AGGREGATES  AND  ADMIXTURES  USED  IN   TEST  SECTIONS 

The  gradings  and  soil  constants  of  the  aggregates 
used  in  the  20  test  sections  are  given  in  table  1.  The 
materials  comprising  the  15  test  sections  of  tracks  1,  2, 
and  3  were  prepared  by  combining  Potomac  River 
gravel,  Potomac  River  sand,  pulverized  silica,  and  a 
local  clay  soil  having  a  liquid  limit  of  41  and  a  plas- 
ticity index  of  18. 

Crusher-run  limestone,  blast-furnace  slag,  and  granite 
were  used  in  the  construction  of  the  five  sections  tested 
in  track  4. 

Tracks  1,  2,  and  3,  except  for  minor  differences  in 
grading  incident  to  slight  variations  in  the  stock  ma- 
terials, had  identical  composition.  In  section  1  of  each 
of  the  three  tracks  the  material  passing  the  No.  200 
sieve  was  primarily  the  clay  soil  while  in  all  other 
sections  the  fines  consisted  primarily  of  the  inert 
pulverized  silica.  Sections  1  and  2  of  tracks  1,  2,  and  3, 
had  approximately  the  same  amounts  of  material  pass- 
ing the  No.  200  sieve.  Sections  3,  4,  and  5,  differed 
from  sections  1  and  2  and  from  each  other  primarily 
in  the  amount  of  mineral  dust  present. 
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Table  1. — Gradings  and  soil  constants  of  materials  used  in  study  of  water-retentive  chemicals 


Grading: 

Passing  1-inch  sieve.. 

Passing  &-inch  sieve 

Passing  No.  4  sieve 

Passing  No.  10  sieve 

Passing  No.  40  sieve.   

Passing  No.  200  sieve 

Passins;  0.005  mm 

Dust  ratio  '  

Tests  on  material  passing  No.  40  sieve 

Liquid  limit.   

Plasticity  index. 


Track  No.  1,  section- 


Pct. 
ino 

98 
75 
62 
40 
23 

58 


Pd. 

100 
98 
80 
69 
46 
24 
6 
52 

17 
0 


Pet. 
100 
95 
66 
57 
37 
18 
5 
49 

18 
0 


Pd. 
100 
96 
69 
59 
35 
12 
4 
34 

16 

0 


Pd. 
100 
97 
63 
52 
31 
9 
4 
29 

18 

0 


Track  No.  2,  section- 


Pct. 
100 
98 
76 
65 
40 
23 
8 
58 

18 
3 


Pet. 

100 
96 
73 
64 
13 
26 
8 
60 

17 

2 


Pet. 
100 
97 
67 
56 
35 
19 
6 
54 


Pd. 
100 
97 
62 

50 
30 
12 
5 
40 

15 
0 


Pd. 

100 

98 

58 

46 

26 

7 

5 

27 

16 
0 


Track  No.  3,  section — 


Pd. 
100 
96 
79 
66 
45 
25 
11 
56 

17 


Pd. 
100 
92 
67 
59 
41 
22 
5 
54 

14 
0 


Pet. 
100 
97 
56 
48 
33 
16 
4 
48 

14 
0 


Pet. 

inn 
93 
61 
50 
30 
12 
3 
40 

13 

0 


Pet. 

100 

97 

59 

46 

29 

9 

3 

31 

10 
0 


Track  No.  4,  section- 


Pet. 

100 

100 

98 

55 

25 

12 

3 

48 

14 
2 


Pd. 

100 

100 

94 

63 

43 

16 

3 

37 

15 
0 


Pet. 

100 

100 

65 

35 

19 

5 

1 

26 

27 
0 


Pet. 

100 

100 

98 

64 

41 

16 

3 

39 

25 
0 


Pd. 

100 

100 

95 

56 

37 

14 

2 

38 

25 
0 


1  Dust  ratio 


[percentage  passing  No.  200  sieve"! 
percentage  passing  No.  40  sieve  J 


In  track  4,  section  1  consisted  of  limestone,  section 
2  of  granite,  section  3  of  blast-furnace  slag,  section  4, 
90  percent  by  weight  of  granite  and  10  percent  slag, 
and  section  5,  90  percent  by  weight  of  granite  and  10 
percent  limestone. 

Calcium  chloride  was  used  as  an  admixture  in  track 
1  and  sodium  chloride  in  track  2.  Track  3  was  tested 
without  a  chemical  admixture.  Track  4  was  tested 
first  without  chemical  treatment  and  then  with  a 
surface  application  of  calcium  chloride. 

In  constructing  the  test  sections  of  tracks  1,  2,  and  3, 
sufficient  water  including  that  used  to  dissolve  the 
chemicals  was  added  to  the  aggregates  to  bring  the 
mortar  portion  to  its  optimum  moisture  content  as  pre- 
viously determined  by  the  Proctor  test  (A.  A.  S.  H.  O. 
Standard  Compaction  Test  No.  T99-38)  with  a  slight 
excess  for  wetting  the  coarse  aggregate. 

No  Proctor  compaction  tests  were  made  on  the 
crusher-run  materials  used  in  track  4.  Just  enough 
water  was  combined  with  the  mixtures  used  in  this 
track  to  cause  them  to  hold  a  cast  when  squeezed  in  the 
hand.  Vibratory  compaction  2  tests  were  made  on 
these  materials  subsequent  to  the  construction  of  the 
sections. 

The  moisture  contents  of  all  sections  immediately 
after  being  placed  in  the  track  and  the  optimum 
moisture  contents  for  the  mortars  of  the  materials 
used  in  tracks  1,  2,  and  3,  are  shown  in  table  2. 

The  procedures  for  preparing  the  materials  for  the 
track  tests,  constructing  the  test  sections,  and  surface- 
treating  them  were  as  follows: 

1.  Sufficient  materials  were  prepared  for  only  one 
track  at  a  time.  The  aggregates  were  proportioned 
by  weight  from  the  stock  materials  to  give  the  desired 
gradings  and  were  thoroughly  mixed  before  any  water 
was  added. 

2.  Water  was  added  and  mixing  continued  to  dis- 
tribute the  moisture. 

3.  In  tracks  1  and  2,  the  chemical  admixture,  in  the 
amount  of  2  pounds  per  square  yard,  was  added  as  a 
solution  along  with  the  water. 

4.  The  moistened  mixtures  were  then  placed  in  the 
trough  of  the  track  in  two  approximately  equal  layers, 
each  layer  being  compacted  with  the  traffic  of  pneu- 
matic-tired wheels  uniformly  distributed  over  the 
surface. 

5.  Compaction  was  continued  on  the  top  layer  mi  til 
no  further  subsidence  was  noted  and  all  sections  were 
in  suitable  condition  for  testing.     This  required  18,200 

2  A  New  Vibratory  Machine  for  Determining  the  Compactibility  of  Aggregates, 
by  J.  T.  Pauls  and  J.  F.  Goode,  Public  Roads,  May  1939. 


Table  2. — Moisture  contents  immediately  after  construction  and 
optimum  moisture  contents  on  the  fraction  of  material  passing 
the  No.  10  sieve 


Track  No. 

Section 
No. 

Moisture 

content  of 

sections  after 

placing  ' 

Optimum 
moisture  con- 
tent of  mate- 
rial passing 
No.  10  sieve  2 

1.. 

2.. 

1 
2 
3 
4 
5 

1    i 

i  i 

f       i 

2 

3 

4 

1              5 

Percent 

8.6 
6.9 
7.0 
6.2 
6.9 

7.1 
6.4 
6.6 
5.4 
4.3 

6.9 
6.2 
5.3 
4.8 
4.3 

6.7 
10.0 
8.0 
9.6 
11.2 

Percent 

9.8 
9.8 
8.6 
9.1 
9.0 

10.0 
9.5 
9.5 

3 _ 

8.9 

8.6 

10.0 
10.3 
9.7 

9.8 
9.1 

4 

1  Based  on  the  dry  weight  of  the  total  aggregate. 

2  Based  on  the  dry  weight  of  the  portion  of  the  aggregate  passing  the  No.  10  sieve. 

wheel-trips,  64,000  wheel-trips,  60,000  wheel-trips,  and 
82,600  wheel-trips  for  tracks  1,  2,  3,  and  4,  respectively. 

6.  Testing  of  the  materials  without  a  bituminous 
surface  treatment  then  proceeded. 

7.  After  this  phase  of  the  testing  had  been  completed, 
the  sections  were  reshaped  and  trimmed  smooth. 

8.  A  prime  consisting  of  0.3  gallon  per  square  yard 
of  light  tar  was  applied  and  allowed  to  cure. 

9.  A  surface  treatment  consisting  of  0.4  gallon  of  hot 
application  bituminous  material  and  a  cover  of  50 
pounds  per  square  yard  of  stone  of  %-inch  maximum 
size  was  constructed. 

10.  The  treatment  was  consolidated  by  additional 
distributed  traffic  until  the  surface  was  well  sealed  and 
showed  no  movement. 

WEATHER  CONDITIONS  VARIED  CONSIDERABLY  DURING  TEST 

The  outdoor  track  was  used  in  these  investigations 
because  it  was  desired  to  subject  the  materials  treated 
with  water-retentive  chemicals  to  the  influence  of  changes 
in  temperature  and  humidity  similar  to  those  encountered 
on  roads  in  service.  A  recording  thermometer  and  hygro- 
meter was  installed  near  the  track  to  determine  these  fac- 
tors. A  movable  sheet  metal  roof,  shown  in  figure  1 ,  was 
used  to  cover  the  track  at  night  and  on  rainy  days  so  that 
the  amount  of  water  placed  on  the  surface  of  each  section 
could  be  accurately  controlled. 
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The  tests  described  in  this  report  were  conducted  at 
different  times  of  the  year.  A  brief  summary  of  the 
temperature  and  humidity  data  collected  by  means  of 
the  recording  instrument,  previously  mentioned,  during 
the  tests  on  the  four  tracks  is  presented  in  table  3. 

The  behavior  of  the  materials  under  test  was  judged 
on  the  basis  of  the  appearance  of  the  sections  at  various 
stages  of  the  tests  supplemented  by  measurements  of 
vertical  displacement  of  the  surface.  The  measure- 
ments were  made  with  the  transverse  and  longitudinal 
pro  udometers  which  have  been  described  in  the  previous 
reports. 

Table  3. — Summary  of  weather  data 


Track 

Track 

Track 

Track 

No.  1 

No.  2 

No.  3 

No.  4 

Date  constructed — 

7-15-36 

10-19-36 

4-12-37 

10-8-37 

End  of  test 

10-12-36 

4-  3-37 

6-11-37 

4-2-38 

Average  daily  maximum  temperature 

°F- 

83.3 

51.0 

75.2 

52.1 

Average  daily  minimum  temperature 

°  F_. 

62.1 

32.0 

51.7 

31.9 

Maximum  recorded  temperature °  F__ 

101 

81 

93 

86 

Minimum  recorded  temperature °  F._ 

42 

16 

32 

16 

Oreatest  change  in  24  hours: 

From - °  F.. 

101 

69 

93 

74 

To °  F._ 

67 

31 

42 

29 

Average   daily   maximum   relative   hu- 

midity  percent. . 

88.4 

81.0 

84.0 

82. 8 

Average   daily   minimum   relative   hu- 

midity     percent.. 

35.  S 

31.0 

26.0 

39.1 

Maximum  recorded  relative  humidity 

percent 

94 

93 

92 

93 

Minimum  recorded  relative  humidity 

percent  . 

14 

9 

9 

6 

Greatest  change  in  24  hours: 

From ..percent.. 

90 

90 

92 

92 

To _ ..do.... 

14 

10 

9 

8 

The  resistance  to  raveling  of  the  various  materials 
when  tested  without  the  protective  surface  treatment 
was  judged  primarily  by  visual  observation.  No  close 
correlation  could  be  obtained  between  vertical  displace- 
ment and  the  time  raveling  started  because  the  con- 
crete curbs  prevented  much  of  the  loosened  material 
from  being  thrown  oh'  the  surface.  During  the  portion 
of  the  test  period  in  which  water  was  sprinkled  on  the 
surface,  increasing  rates  of  vertical  displacement  were 
observed  in  some  instances  even  though  during  this 
stage  the  surface  was  generally  well  bonded  and  in  good 
condition. 

An  average  vertical  displacement  of  about  0.25  inch, 
measured  after  the  sections  had  been  surface  treated 
and  subjected  to  the  action  of  concentrated  traffic,  was 
observed  to  be  sufficient  to  cause  noticeable  damage  to 
the  bituminous  surface.  This  is  in  agreement  with  con- 
clusions reached  in  previous  investigations  using  the 
same  apparatus.  Numerically,  the  amount  of  rutting 
measured  with  the  longitudinal  profilometer  agreed  in 
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Figure  2. — Surface  Displacements  of  Sections  of  Track  1 
at  Various  Stages  of  the  Test. 

general  with  the  amount  of  vertical  displacement 
measured  with  the  transverse  profilometer. 

Changes  in  behavior  of  the  various  sections  under 
altered  test  conditions  are  clearly  shown  by  abrupt 
changes  in  the  slopes  of  the  displacement  curves  in 
figure  2  for  track  1  and  in  subsequent  figures  for  tracks 
2,'3,  and  4. 

Track  1:  Calcium  chloride  admixture. — The  schedule 
of  traffic  applications  and  changes  in  water  elevation 
with  notations  on  the  behavior  of  the  five  test  sections 
of  track  1  are  given  in  table  4. 

Figure  2  shows  the  combined  effect  of  consolidation 
and  loss  of  surface  material  as  measured  by  the  trans- 
verse profilometer  for  the  period  up  to  151,200  wheel- 
trips  during  which  time  the  sections  were  being  tested 
under  distributed  traffic,  without  bituminous  surfaces. 
It  also  shows,  for  the  period  from  171,200  wheel-trips 
to  the  end  of  the  test,  the  displacements  of  the  sections 
as  measured  with  hoth  profilometers  while  testing  under 
concentrated  traffic,  with  bituminous  surfaces. 


Table  4.- — Schedule  of  operations  and  behavior  of  test  sections  in 

track  1  with  calcium  chloride 

Traffic 

Water 
level 
above 
top  of 
sub- 
base 

Behavior 

Operation 

Sec.  l 

Sec.  2 

Sec.  3 

Sec.  4 

Sec.  5 

Wheel-trips 
Oto    18,200 
18.200  to    38.200 
38,200  to    58,200 
58,200  to  118,200 
118,200  to  151,200 

151,200  to  171,200 

171,200  to  211,200 

211,200  to  201,200 

a  261.200  to  298,500 

Inches 
i  0 
2V2 

yi 

10 
'0 

i  0 

2V2 
5 

Unstable 

Good 
do 

Good 
do    . 

Good. 

Good. 

do 

Slight  raveling. 

Do _ 

Do 

Good 

...     do 

Slightly  unstable 

Good 

do 

do 

do 

do 

do 

do..... 

do..... 

do 

...     do 

Slight  raveling 

Raveled. 
Do. 

Sprinkling  and  testing  with  distributed 
traffic. 

Compacting   bituminous   surface   treat- 
ment. 

Good  during  sprinkling, 

some  raveling  later. 
Good — 

Good  during  sprinkling, 

raveled  later. 
Good. 

do 

do      

do..... 

do  ... 

do 

...do 

do 

Do. 

Do 

.     do 

Do. 

Do  . 

...do... 

do 

do 

Slightly  unstable 

Unstable. 

■  No  water  in  sub-base. 

2  Wheel  loads  increased  from  800  to  1,000  pounds  at  295,000  wheel-trips. 
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Loosening  of  (lie  surface  metal  under  distributed 
traffic  was  first  noted  at  about  35,000  wheel-trips  in 
section  5,  which  was  the  section  having  the  lowest  per- 
centage of  No.  '200  material.  Al  this  time  the  water 
was  2}i  inches  above  the  bottom  of  the  test  layer. 
Traffic  was  continued  and  the  water  level  lowered  (see 
table  I)  until  the  base  was  finally  drained.  Raveling 
progressed  in  section  5  until,  at  118,200  wheel-trips,  the 
sui  lace  was  quite  loose  and  open  as  shown  in  figure  3. 
A  similar  action  in  lesser  degree  was  noted  in  seel  ion  4. 


Figure  3.  Typical  Sections  of  Track  1  at  lis, 200  Wheel- 
Trips,  Just  Before  the  First  Sprinkling.  Left,  Section 
2,  Which  Is  Also  Representative  of  Sections  1  and  3; 
Right,  Section  5,  Which  Is  Also  Representative  of 
Section  4. 

Sections  2  and  3  remained  in  good  condition  through- 
out this  portion  of  the  test.  Section  1  failed  to  compact 
well  during  the  initial  compaction  period  (0  to  18,200 
wheel-trips)  but  began  to  set  up  soon  after  water  was 
admitted  to  the  sub-base  and  exhibited  no  signs  of 
excessive  raveling  from  about  38,000  wheel-trips  to 
1  l,s, 200  wheel-trips,  when  the  track  was  first  sprinkled. 
Figure  3  shows  section  2  at  118,200  wheel-trips.  Sec- 
tions 1  and  3  were  in  a  similar  condition  at  tliis  time. 
Some  exposed  aggregate  was  evident,  particularly  along 
the  curb  lines  where  abrasion  was  most  severe,  but  in 
general  the  surfaces  were  dense  and  well  bonded. 

LEACHING   TESTS   ON  TRACK   1   STARTED   AT   118,200   WHEEL-TRIPS 

Water  was  applied  to  the  surface  of  the  test  sections 
in  track  1  during  the  traffic  test  period  from  118,200 
to  120,000  wheel-trips  in  the  following  manner: 

1.  Temporary  dikes  of  plastic  clay  were  placed  at 
the  ends  of  each  section. 

2.  Water  was  sprinkled  on  the  surface  in  increments 
equivalent  to  one-fourth  inch  of  rainfall  distributed 
over  the  area  of  each  section. 

3.  The  water  was  allowed  to  soak  into  the  respective 
sections  and  to  percolate  through  the  test  course,  into 
the  sub-base,  and  out  the  drains  at  the  bottom. 

4.  After  each  of  the  first  six  applications  of  water  had 
disappeared  from  the  surface  the  dikes  were  removed 
and  about  2,000  trips  of  test  traffic  applied. 

Nine  applications  of  wafer  or  the  equivalent  of  21:, 
inches  of  rainfall  were  allowed  to  percolate  down 
through  the  test  course  and  six  increments  of  traffic, 
11,400  wheel-trips  in  all,  were  applied,  bringing  the 
total  traffic  to  129,600  wheel-trips. 

The  first  application  of  water  disappeared  from  the 
surface  of  section  5  in  about  2  hours,  and  about  24 
hours  were  required  for  the  water  to  disappear  com- 
pletely from  section  1.  The  time  required  for  the  water 
to  enter  the  mixtures  became  progressively  greater  with 


each  increment  of  water  until  toward  the  end  of  this 
phase  of  the  test,  24  hours  was  required  for  section  5  to 
transmit  a  Yinch  application  of  water. 

Samples  were  taken  from  each  section  near  the  center- 
line  just,  before  the  first  application  of  water  (1  IS, 200 
wheel-trips)  and  again  alter  the  final  application  had 
leached  through  all  sections.  These  samples  were 
obtained  by  boring  through  the  entire  thickness  of  the 
test  layer  with  a  l^-inch  soil  auger.  ( 'arc  was  taken  to 
save  all  the  material  from  the  test  holes,  which  were 
made  as  nearly  uniform  in  cross  section  throughout 
their  depth  as  possible.  The  moisture  content  of  each 
section  as  well  as  the  calcium  chloride  content  recovered 
from  that  portion  of  each  boring  passing  the  No.  10 
sieve  are  shown  in  table  5  for  the  times  indicated 
above  as  well  as  at  the  beginning  and  end  of  the  test. 


Tablf 


Moisture   contents    anil   calcium    chloride   contents    in 

truck  1  nt  several  stages  of  the  U  si 


Section  No. 

Number 
of  wheel- 
trips 

Stage  of  test 

Moisture 

content 

based  on 

dry  weight 

Calcium 

chloride 
content  of 

portion 
pa    nigNo. 

10  sieve 

I      2, 700 
1   118,200 
1   129,600 
1  298,  500 

f      2, 700 
1   118,200 
)   129,600 
I  298,500 

1      2, 700 

1   118,200 

129,600 

1  298,500 

|       2, 700 

1    118,200 

129,600 

1  298,  500 

f      2, 700 

I   118,200 

129,600 

1  298,  500 

Start 

Pent  ni 

s  6 
1.7 
4.5 

5.6 

6.9 
1.3 
3.7 

5.  3 

7.0 
1.4 
I.  1 

4.6 

6.2 
1.4 
3.3 

5.7 

6.9 
1.3 
3.2 

5.9 

Percent 
0.  22 

1.  11 

.  32 

After  testing  wit  h  bituminous  sur- 

.  17 

Start 

.  19 

.33 

2 

.(IS 

After  testing  with  bituminous sur- 

.05 

Start 

Before  sprinkling        

21) 

3     ...   

After  sprinkling               .   

After  testing  with  bituminous  sur- 
face     .  .  

Start                                    .  

• 

.03 
.  26 

4 

5 

Before  sprinkling 

After  sprinkling . ..   .   

After  test  ing  with  bituminous  sur- 
face ...   

Start 

Before  sprinkling.  ..     .. 

After  sprinkling  

After  testing  with  bituminous  sur- 

.06 

.05 

0 

.06 
.  12 

0 

Tests  on  the  mortar  portion  of  the  five  mixtures  just 
before  laying  showed  calcium  chloride  contents  of  0.19 
to  0.27  percent  of  the  dry  weight  of  the  fraction  passing 
the  No.  10  sieve.  After  If 8,200  wheel-trips,  the 
samples  showed  calcium  chloride  contents  in  the  mortar 
portion  of  1.11  percent  for  section  f,  and  0.33  percent 
for  section  2.  The  percentages  of  calcium  chloride  in 
the  other  sections  at  tins  time  were  less  than  at  the 
start  of  the  test,  being  0.20  percent  for  section  3,  and 
0.06  percent  for  both  sections  4  and  5. 

Sections  f  and  2,  which  showed  marked  increases  in 
chloride  content  along  the  center  line,  were  denser 
and  had  higher  dust  contents  than  sections  3,  4,  and  5. 
As  will  be  shown  later  even  greater  increases  were 
observed  in  sections  1  and  2  of  track  2  in  which  sodium 
chloride  was  used  as  an  admixture.  There  was  nothing 
disclosed  by  the  tests  to  explain  these  increases. 

The  effect  of  leaching  on  the  chloride  content  is 
clearly  shown  in  table  5.  All  sections  except  section  5 
showed  a  decrease  in  the  amount  of  the  soluble  salt 
present.  Further  decreases  in  chloride  content  were 
revealed  by  analyses  made  at  the  end  of  the  test  period. 
The  retention  of  the  admixture  was  greatest  in  section 
I  which  contained  the  clay-soil  and  decreased  as  the 
amount  of  material  passing  the  No.  200  sieve  decreased. 
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After  the  final  application  of  water  on  the  surfaces  of 
the  test  sections,  distributed  traffic  was  continued  to 
151,200  wheel-trips  with  no  water  in  the  sub-base. 
During  this  period  section  1,  which  had  showed  signs 
of  surface  rutting-  when  saturated  from  the  top,  became 
stable  again  although  the  accumulated  average  vertical 
displacement  had  reached  0.24  inch  before  the  surface 
treatment  was  applied.  Sections  2  and  3  showed  little 
movement  and  were  not  affected  by  the  water  applied 
to  the  surface.  Sections  4  and  5  appeared  to  be  benefited 
temporarily  by  the  surface  applications  of  water. 
Their  surfaces  became  smooth  and  well  bonded  under 
the  action  of  traffic.  This  improvement,  although  of 
very  short  duration,  is  shown  by  the  temporary  change 
in  slope  of  their  vertical  displacement  curves  (fig.  2). 
As  traffic  was  continued  under  drying  conditions  the 
previous  tendency  of  these  two  sections  to  ravel  re- 
appeared. Figure  4  illustrates  the  appearance  of 
typical  sections  of  track  1  at  151.200  wheel-trips,  or 
just  before  the  bituminous  surfaces  were  applied.  The 
view  of  section  2  is  representative  of  the  condition  of 
sections  1,  2,  and  3.  That  of  section  5  is  representative 
of  the  condition  of  sections  4  and  5,  and  shows  the 
decidedly  loose  and  open-surface  texture  of  these  two 
sections. 

TRAFFIC  TESTS  CONTINUED  AFTER  BITUMINOUS  SURFACE  APPLIED 

As  shown  in  figure  2,  new  initial  or  zero  displacement 
readings  were  taken  after  the  application  and  compac- 
tion of  the  bituminous  surface  and  f  he  record  from  that 
time  on  or  from  171,200  wheel-trips  to  the  end  of  the 
test  indicates  the  behavior  of  the  chemically  treated 
materials  when  acting  solely  as  base  courses 

The  materials  in  all  sections  of  track  1  gave  good 
service  and  showed  little  movement  as  base  courses 
even  under  the  very  severe  test  conditions  imposed  by 
maintaining  the  water  elevation  at  2%  inches.  At 
261,200  wheel-trips,  or  90,000  wheel-trips  after  the 
start   of  concentrated    traffic   and    60,000   wheel-trips 


Figure  4. — Typical  Sections  ok  Tr\ck  1  at  1.11, 200  Wheel- 
Trips,  Just  Before  Construction  of  the  Bituminous 
Surface.  Left,  Section  2,  Which  Is  Also  Representa- 
tive of  Sections  1  and  3;  Right,  Section;  .">,  Which  Is 
Also  Representative  ok  Section  1. 

after  the  water  had  been  raised  to  the  2%-inch  level, 
the  average  vertical  displacement  of  the  surface  on  all 
the  sections  was  less  than  0.05  inch  and  the  maximum 
amount  of  rutting  was  0.09  inch.  It  was  not  until  the. 
water  had  been  raised  to  (he  5-inch  level,  or  to  within 
I  inch  of  the  bituminous  surfacing,  that  pronounced 
base  movement  was  observed.  Under  this  extreme 
condition  and  with  increased  wheel  loads,  section  5 
had  definitely  failed  at  the  end  of  the  test,  298,500 
wheel-trips.  Section  4  exhibited  considerable  move- 
ment and  the  surface  treatment  between  the  wheel 
courses  was  cracked.  The  wheel  tracks  were  visible  on 
sections  1,  2,  and  3,  but  there  was  little  distortion  of  the 
surface  treatment.  The  condition  of  the  track  at  the 
end  of  the  test  is  shown  in  figure  5.  The  final  condition 
of  sections  2  and  3  was  similar  to  that  of  section  1. 

Track  2:  Sodium  chloride  admhiurc-  -This  track 
consisted  of  live  mixtures  similar  to  those  tested  in 
(rack  1. 


Figure  5. — Sections  of  Track  1  at  the  Conclusion  of  the  Test.     Left,  Section  1,  Which  Is  Also  Representative  ok  Sections 

2  and  3;  Middle,  Section  4;  Right,  Section  5. 
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The  test  schedule  together  with  notations  on  the 
behavior  of  the  five  test  sections  are  given  in  table  6. 
Figure  6  shows  the  results  of  the  displacement  measure- 
ments. 
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Figure  6. — Surface  Displacements  of  Sections  of  Track  2 
at  Various  Stages  of  the  Test. 

Raveling  of  the  surface  under  distributed  traffic  was 
first  noted  at  about  160,000  wheel-trips  in  section  5  and 
progressed  gradually  to  184,000  wheel-trips,  when 
sprinkling  was  started.  At  this  time  sections  2,  3,  and 
4  had  also  started  to  ravel  to  some  extent  along  the 
curb  line.  The  condition  of  section  5  is  illustrated  in 
figure  7. 


Figure  7. — Section  5  of  Track  2  at  184,000  Wheel-Trips, 
Just  Before  the  First  Sprinkling.  Some  Raveling  Had 
Developed,  Particularly  Along  the  Edges. 

The  average  vertical  displacement  of  sections  2,  3,  4, 
and  5  was  less  than  0.05  inch  and  the  amount  of  rutting 
was  correspondingly  low.  Section  1  of  track  2  failed  to 
compact  readily  as  was  the  case  with  the  corresponding 
section  in  track  1.  In  track  2,  this  section  finally  be- 
came stable  at  about  84,000  wheel-trips  although  the 
rate  of  average  vertical  displacement  continued  to  be 
much  higher  than  in  the  other  sections  up  to  about 
150,000  wheel-trips.  Thereafter  little  additional  move- 
ment was  noted  until  water  was  applied  to  the  surface. 

Sprinkling  was  started  at  184,000  wheel-trips  and 
continued  in  a  manner  similar  to  that  described  for 
track  1.  The  water  passed  through  the  salt  treated 
sections  slowly.  The  first  application  was  made  on  a 
Saturday  and  had  all  disappeared  by  the  following 
Monday.  The  second  application  required  about  24 
hours  to  disappear  from  section  5  and  between  32  and 
48  hours  to  disappear  from  the  other  sections.  Four 
days  after  the  last  application  there  was  still  some  water 
remaining  on  sections  1  and  2  in  the  low  spots. 

The  moisture  content  of  each  section  as  well  as  the 
sodium  chloride  content  determined  on  that  portion  of 


Table  6. — Schedule  of  operations  and  behavior  of  test  sections  in  track  2  with  sodium  chloride 


Traffic 

Water 
level 
above 
top  of 
sub-base 

Behavior 

Operation 

Sec.  1 

Sec.  2 

Sec.  3 

Sec.  4 

Sec.  5 

Placing  and  compacting 

Wheel-trips 
Oto   64,000 
64,  000  to    84,000 
84,  000  to  104,  000 
104,  000  to  184,  000 
184, 000  to  234,  300 

234, 300  to  257, 000 

257, 000  to  297,  000 

297,  000  to  347,  000 

2  347, 000  to  407,  000 

Inches 
i  0 
214 

Unstable 

Good 

Good 

Good 

do 

Good. 

Testing  with  distributed  traffic 

Slightly  unstable 

do  . 

do _ 

Do. 

Do 

V% 

Slight  pitting 

do    

..  do 

do 

Do. 

Do 

'  0 
i  0 

■  0 
Vi 
5 

Good 

Slightly  unstable- 
Good 

do.... 

Slight  raveling 

Good 

Slight  raveling 

Good  . 

Slight  raveling 

Good... 

Raveled. 

Sprinkling   and    testing   with   dis- 

Good   during   sprin- 

tributed traffic. 
Compacting     bituminous    surface 

do 

...do 

do.... 

kling   but  raveled 
later. 
Good. 

treatment. 
Testing  with  concentrated  traffic... 

..  do 

do 

do. 

Do. 

Do... 

do 

do 

do 

.    do 

Do. 

Do 

..  .  do 

Slightly  unstable.. 

Slightly  unstable.. 

Slightly  unstable- 

Slightly  unstable. 

1  No  water  in  sub-base. 

2  Wheel  loads  increased  from  800  to  1,000  pounds  at  375,000  wheel-trip? 
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Figure  8. — Sections  of  Track  2  at  231,303  Wheel-Trip^,  Just  Before  Construction'  of  the  Bituminous  Surface. 
Section  1;   Middle,  Section  3,   Which  Is  Also  Representative  of  Sections  2  and  4;  Right  Section  5. 


Left, 


the  material  passing  the  No.  10  sieve  is  shown  in  table  7 
for  various  time  during  the  testing  period.  The 
leaching  effect  is  clearly  illustrated  in  this  table,  being 
most  pronounced  in  the  sections  with  the  lowest  dust 
contents. 

The  sodium  chloride  contents  of  samples  taken  from 
sections  1,  2,  and  5,  were  much  greater  at  184,000  wheel- 
trips  than  at  the  start  of  the  track  test.  Section  3 
showed  a  slight  increase  and  section  4  a  slight  decrease 

Table  7. — Moisture   contents    and   sodium    chloride   contents   in 
track  2  at  several  stages  of  the  .est 


Section 

No. 

Number 
of  wheel- 
trips 

Stage  of  test 

Moisture 

content 

based  on 

dry  weight 

Sodium 
chloride 
content  of 

portion 

passing  No. 

10  sieve 

f      1, 600 
1   184,000 
|   196,000 
I  407,000 

f      1, 600 
1   184.000 
]    196,000 
I  407,000 

f      1,600 
1   184.000 
1    196.000 
I  407,000 

f      1, 600 

1   184.000 
|    196.000 
1  407,000 

f      1,600 
I   184,000 
1   196,000 
I  407,000 

Start  

Percent 
7.1 
3.6 
5.3 
5.1 

6.4 

3.5 
4.6 
5.5 

6.6 
2.7 
3.9 
4.3 

5.4 
2.6 
4.4 
4.7 

4.3 
2.3 

3.3 

5.1 

Percent 
0.24 

Before  sprinkling 

1.29 

After  sprinkling 

.21 

After  testing  with  bituminous  sur- 
face. 

Start 

.  16 
.31 

Before  sprinkling. 

1.49 

After  sprinkling 

.11 

After  testing  with  bituminous  sur- 
face. 

Start 

.07 
.23 

3 

Before  sprinkling  .. 

.35 

After  sprinkling 

.06 

After  testing  with  bituminous  sur- 
face. 

Start 

.03 

.27 

4 

Before  sprinkling 

.19 

After  sprinkling 

.  17 

After  testing  with  bituminous  sur- 
face. 

Start 

.03 
.18 

Before  sprinkling 

.43 

After  sprinkling . 

After  testing  with  bituminous  sur- 
face. 

.04 
.02 

Distributed  traffic  was  continued  after  the  final 
application  of  water  on  the  surface  up  to  234,300  wheel- 
trips.  All  sections  showed  a  marked  increase  in  the  rate 
of  vertical  displacement  after  the  application  of  water. 
Section  1  softened  on  the  surface  but  did  not  become 


unstable  throughout  its  entire  depth.  The  excessive 
displacements  measured  on  section  1  (see  fig.  6)  may  be 
explained  by  the  fact  that  the  softened  surface  crust 
picked  up  under  the  wheels  and  was  either  deposited  on 
other  sections  or  thrown  off  the  track. 

The  photograph  of  section  1 ,  figure  8,  taken  at  234,300 
wheel-trips,  shows  this  condition.  It  can  be  seen  that 
the  surface  is  definitely  lower  than  that  of  the  adjoining 
section  shown  in  the  background  although  there  are  no 
indications  of  rutting. 

Sections  2,  3,  and  4  showed  an  increase  in  vertical  dis- 
placement during  the  sprinkling  operations  but  bonded 
firmly  under  distributed  traffic  and  actually  became 
smoother  as  the  test  progressed  up  to  234,300  wheel- 
trips  or  the  end  of  this  phase  of  the  test  as  illustrated  by 
the  view  of  section  3  in  figure  8. 

Section  5  continued  to  show  increasing  amounts  of 
vertical  displacement  both  during  and  after  the  sprin- 
kling operation  and  while  this  section  was  not  loose 
during  the  time  water  was  being  applied,  evidence  of 
raveling  was  noted  as  drying  started  soon  after  the  last 
application.     Tins  section  is  also  shown  in  figure  8. 

ALL  MIXTURES  IN  TRACK  2  PROVED  SATISFACTORY  AS  BASE 
COURSES 

A  bituminous  surface  treatment  was  applied  to  track 
2  at  234,300  wheel-trips.  All  the  mixtures  proved 
satisfactory  as  base  courses  when  treated  with  sodium 
chloride  as  they  did  in  track  1  when  treated  with 
calcium  chloride.  Again  it  was  necessary  to  raise  the 
water  table  to  the  5-inch  level  and  increase  the  wheel 
loads  to  1,000  pounds  before  definite  indications  of 
failure  could  be  produced.  The  average  vertical  dis- 
placements and  rutting  (see  fig.  6)  varied  from  0.04  to 
0.09  inch  for  all  sections  between  the  time  concentrated 
traffic  was  started  at  257,000  wheel-trips  and  the  time 
the  second  set  of  profiles  was  taken  at  274,000  wheel- 
trips.  Most  of  this  displacement  resulted  from  incom- 
plete initial  compaction  of  the  surface  treatment  which 
was  constructed  in  cold  weather.  Even  with  this  dis- 
placement, which  cannot  be  attributed  to  movement  in 
the  base,  neither  the  average  vertical  displacements  nor 
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Figure  9. — Sections  of  Teack  2  at  the  Conclusion  of  the   Test.     Left,  Section  1;  Middle,  Section  3,  Which  Is  Also 

Representative  of  Sections  2  and  4;    Right,  Section  5. 


the  average  depth  of  ruts  exceeded  0.25  inch  for  any 
of  the  sections  until  near  the  end  of  the  test. 

When  the  test  was  concluded  at  407,000  wheel-hips, 
section  1  was  in  fairly  good  condition  except  for  the 
superficial  rutting  caused  by  poor  compaction  of  the 
surface  treatment  (fig.  9),  and  showed  the  least  amount 
of  displacement.  Profilometer  measurements  indicated 
the  greatest  amounts  of  movement  to  have  occurred  in 
sections  2  and  4.  The  appearance  of  these  two  sections 
at  the  end  of  test  was  very  similar  to  that  of  section  3, 
shown  in  figure  9.  The  surface  treatment  on  all  three 
of  these  sections  had  cracked  between  the  wheel 
courses.  Section  5  was  showing  signs  of  failure  at  the 
end  of  the  test  although  the  total  vertical  displacement 
was  not  as  great  as  for  some  of  the  other  sections.  The 
surface  treatment  was  breaking  and  the  section  was 
becoming  rough  generally  as  shown  in  figure  9. 

Track  3:  Without  chemical  admixture. — Five  mixtures 
similar  in  composition  to  those  placed  in  tracks  1  and  2 
were  tested  in  track  3  without  the  admixture  of  a 
water-retentive  chemical. 

The  schedule  of  testing  operations  and  observations 
on  the  behavior  of  the  five  sections  of  track  3  are  given 
in  table  8.  Figure  10  shows  the  average  vertical 
displacement  and  the  amount  of  rutting. 

In  general,  the  behavior  of  the  five  materials  without 
chemical  admixture  was  conspicuously  different  from 
that  of  the  corresponding  sections  of  tracks  1  and  2 
prior  to  the  application  of  the  surface  treatment.  Sec- 
tion 1  failed  to  compact  well,  as  did  the  same  section 


in  the  two  previous  tracks,  showing  considerable  move- 
ment throughout  the  60,000  wheel-trips  of  compacting 
traffic.  It  differed  widely  from  the  others,  however, 
during  the  initial  flooding  of  the  sub-base  from  60,000  to 
100,000  wheel-trips.  (See  table  8.)  The  surface  became 
dry  and  dusty,  indicating  that  evaporation  was  proceed- 
ing at  a  faster  rate  than  the  water  could  be  brought  up 
through  the  material  by  capillarity.  No  such  behavior 
was  observed  in  tracks  1  and  2  where  water-retentive 
chemicals  were  used  as  admixtures. 

Raveling  in  section  1  began  shortly  after  80,000 
wheel-trips  when  the  water  was  dropped  to  one-half 
inch  above  the  bottom  of  the  test  course.  Shortly 
before  the  sub-base  was  drained  at  100,000  wheel- 
trips,  sections  2  and  3  also  started  to  ravel  in  the  order 
named.  The  surfaces  of  all  three  sections  were  dry  at 
this  time  in  contrast  to  the  surfaces  of  sections  4  and  5 
which  appeared  damp  and  well  bonded. 

SPRINKLING  AIDED  IN  SURFACE  MAINTENANCE  OF  GRANULAR 
MIXTURES 

Upon  the  complete  withdrawal  of  water  from  the 
sub-base,  sections  4  and  5  also  started  to  ravel.  The 
condition  of  representative  sections  at  160,000  wheel- 
trips  just  prior  to  sprinkling  is  illustrated  by  figure  11. 
Section  1  is  representative  of  the  condition  of  both 
sections  1  and  2.  Section  3  shown  at  the  bottom  of 
figure  11  was  intermediate  and  sections  4  and  5  were  in 
slightly  better  condition  than  section  3. 


Table  8. — Schedule  of  operations  and  behavior  of  lest  sections  in  track  3  without  chemical  admixtures 


Traffic 

Water 

level 

above 

top  of 

sub-base 

Behavior 

i  iperation 

Sec.  1 

See.  'J 

Sec.  3 

Sec.  4 

Sec.  5 

Placing  and  compacting.   

Wheel-trips 
0  to    60,000 
60,000  to    80,000 
80,000  to  100,000 
100,000  to  160,000 
160,000  to  180,500 

180,  500  to  200,  500 

200,  500  to  240,  000 

2-10,000  to  260,000 

*  260,  000  to  300,  000 

Inches 
1  0 

■Ml 
•'  0 

2  0 

1 ,, 

:'2 

Unstable... 

Dusty 

Raveled 

do.3  ..  . 
Good...  .... 

■  lo 

.I..  

•In     .  ... 

.     do 

Slightly  unstable  . 

1  Mil  111 

Good 

Good 

do.... 

Good. 

Testing  with  distributed  traffic  

do  . 

Do. 

Do 

Slight  raveling 

do.    . 

Do. 

Do 

do.3 

Good 

do 

do 

...do 

..  do 

Raveled  3 

Good 

do 

do ... 

Slightly  unstable- 
Unstable 

Rjveled3.--       -   - 
Good 

do 

do 

...do 

i    ,i  it  ,  I.!.        ...... 

Raveled.3 

Sprinkling   and   testing   with   distributed 

traffic. 
Compacting  bituminous  surface  treatment. 
Testing  with  concentrated  traffic 

Good. 

Do. 
Do 

Do 

Do. 

Do 

Slightly  unstable. 

„ 

'  No  water  in  sub-base.    Water  admitted  to  sub-base  at  10,000  wheel-trips  for  400  wheel-trips,  then  drained. 

2  No  water  in  sub-base. 

3  Raveling  was  progressive  from  sees.  1  to  5. 

1  Wheel  loads  increased  from  800  to  1,000  pounds,  at  290,000  wheel-trips. 
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(the    10.    -Surface   Displacements  or  Section's  of  Track 
3  at  Various  Stages  of  the  Test. 


Sprinkling  \v:is  started  at  160,000  wheel-trips  and 
continued  in  a   manner  similar  to  that  described   for 

tracks  1  and  2.  The  sections  transmitted  the  water 
much  more  readily  than  did  the  corresponding  sections 
treated  with  water-retentive  chemicals. 

All  sections  in  track  3  were  benefited  by  the  applica- 
tion of  water  to  the  surface.  Although  the  vertical 
displacements  continued  to  increase  (fig.  10)  the  sur- 
faces became  firm  and  the  aggregates  were  well  bonded 
under  the  action  of  traffic.  Figure  12  shows  the  condi- 
tion of  sections  1  and  3  just  prior  to  the  construction  of 
the  bituminous  surface  at  ISO, 500  wheel-trips.  Com- 
parison of  the  sections  at  this  time  with  their  condition 
as  shown  in  figure  11  clearly  illustrates  the  beneficial 
effect  of  the  surface  water. 

A  bituminous  surface  treatment  was  applied  to  track 
3  at  180,500  wheel-trips.  All  five  materials  proved 
satisfactory  as  base  courses  without  chemicals.  The 
average  vertical  displacements  and  amounts  of  rutting 
(see  fig.  10)  indicated  that  detrimental  movements 
were  not  produced  until  the  water  had  been  raised  to  the 
5-inch  level  and  the  wheel  loads  increased  to  1 ,000  pounds. 

Sections  1  and  5  exhibited  the  least  amount  of  move- 
ment when  tested  as  base  courses.  They  remained  in 
excellent  condition  throughout  this  phase  as  illustrated 
in  figure  13. 

Section  2  moved  more  than  sections  1  and  5  but  was 
still  in  good  condition  at  the  end  of  the  test.  Some 
cracking  of  the  surface  treatment  between  the  wheel 
courses  was  observed.     The  condition  of  these  three 


sections  was  similar  and  is  illustrated  by  the  view  of 
section  5,  figure  13.  .Sections  3  and  4  showed  sufficient 
rutting  at  the  end  of  the  test  to  indicate  failure.  How- 
ever, this  condition  was  produced  only  after  unreason- 
ably severe  test  conditions  had  been  imposed.  Section 
3  in  figure  13  is  representative  of  the  condition  of  both 
sections  3  and  4  at  the  conclusion  of  the  lest. 


■■■ 


. 


Figure  11.  Sections  of  Track  .3  at  100,000  Wheel-Trips, 
Just  Before  the  First  Sprinkling.  I'pper,  Section  1, 
Which  Is  Also  Representative  of  Section  2;  Lower, 
Section  3.  Sections  4  and  5  Were  in  Slightly  Better 
Condition  Than  Section  3. 


Figure  12. — Sections  of  Track  3  at  180,500  Wheel-Trips, 
Soon  After  Sprinkling  Was  Discontinued.  Upper,  Sec- 
tion 1,  Which  Is  Also  Representative  of  Section  2; 
Lower,  Section  3,  Which  Is  Also  Representative  of 
Sections  4  and  5. 

Track  4:  Crusher-run  materials. — The  five  sections 
of  track  4  were  constructed  of  three  types  of  crusher- 
run  materials.  Sections  1,  2,  and  3  consisted  of  lime- 
stone, granite  and  slag  materials,  respectively,  as  ob- 
tained   from    commercial    sources.     Section    4    was    a 
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Figure  13. — Sections  of  Track  3  at  the  Conclusion  of  the 
Test.  Upper,  Section  3,  Which  Is  Also  Representative 
of  Section  4;  Lower,  Section  5,  Which  Is  Also  Represen- 
tative of  Sections  1  and  2. 

mixture  of  90  percent  granite  and  10  percent  slag,  and 
section  5  was  a  mixture  of  90  percent  granite  and  10 
percent  limestone.  The  sections  were  constructed  by 
dampening  and  compacting  the  materials  without 
chemical  admixtures. 

After  the  initial  compaction  period  (82,600  wheel- 
trips)  the  test  was  carried  out  in  three  distinct  steps  as 
shown  in  table  9. 

1.  The  water  level  was  raised  to  2'£  inches  and  dis- 
tributed test  traffic  was  applied  from  82,600  to  182,600 
wheel-trips  while  the  water  was  gradually  lowered  and 
finally  drained  out  of  the  sub-base.  Distributed  traffic 
was  then  continued  to  242,600  wheel-trips. 

2.  The  water  was  again  raised  to  2}{  inches,  and  a 
surface  application  of  calcium  chloride  at  the  rate  of 
]  M  pounds  per  square  yard  was  made.  Testing  with 
distributed  traffic  was  then  resumed  while  the  water 
was  again  lowered  and  finally  drained  out  at  308,800 
wheel-trips.  Distributed  traffic  was  then  continued  to 
366,000  wheel-trips. 

3.  A  bituminous  surface  was  constructed  and  con- 
centrated traffic  was  applied  while  the  water  level  was 
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Figure  14. — Surface  Displacements  of  Sections  of  Track  4 
at  Various  Stages  of  the  Test. 

gradually  increased  to  a  maximum  of  4'£  inches  at  474,- 
300  wheel-trips.  An  additional  60,000  wheel-trips  of 
concentrated  traffic  was  applied  with  the  water  remain- 
ing at  the  4'^-inch  elevation. 

Sections  1  and  3  compacted  well  and  showed  no 
signs  of  raveling  until  the  water  had  been  completely 
withdrawn  from  the  sub-base  at  182,600  wheel-trips. 
Sections  2,  4,  and  5  on  the  other  hand  did  not  bond  or 
set  up  well.  The  surfaces  of  these  sections  became 
loose  and  dusty  even  with  the  water  2){  inches  above  the 
bottom  of  the  test  course. 

Figure  14  shows  the  amounts  of  rutting  and  the  aver- 
age vertical  displacements  as  measured  by  the  profilom- 
eters.  Both  instruments  indicated  the  greatest  amount 
of  movement  up  to  242,600  wheel-trips  in  sections  2  and 
4  and  the  least  movement  in  section  3.  Section  1, 
figure  15,  is  representative  of  both  sections  1  and  3. 
Slight  raveling  along  the  curbs  was  observed  as  well  as 


Table  9. — Schedule  of  operations  and  behavior  of  lest  sections  in  track  4 


<  Operation 

Traffic 

Water 
level 
above 
top  of 
sub-b  lse 

Behavior 

Sec.  1 

Sec.  2 

Sec.  3 

Sec.  4 

Sec.  fi 

Placing  and  completing ..  . 

Wheel-trips 

0  to     82,  600 
82,  600  to  142.  600 
142,  600  to  182,  600 
1X2.  600  to  242,600 
242,  600  to  248,  800 

248,800  to  288.800 

3  288.  800  to  308. 800 

308.  800  to  366,  000 

366, 000  to  394, 300 

394,  300  to  434.  300 
434.  300  to  474,  300 
474, 300  to  534, 300 

Inches 
■0 
2'i 

Vi 

i  0 

i  0 

10 
10 

a 

V-A 

Good 

Slightly  unstable.. 
Raveled 

Good 

Slightly  unstable.. 
Raveled     

Testing  with  distributed  traffic    

do.. __ 

..  do 

Do 

do 

do 

do 

do 

Do 

Do 

do 

do 

Do 

Applying  cleium  chloride  and  com- 

Good 

Good 

Slightly  unstable 

Good 

Slightly  unstable., 
do 

Slightly  unstable. 

paetr-g  treated  surf  ice.2 
Testing  with  distributed  traffic 

do 

do 

Unstable. 

Do 

do 

do 

Do. 
Do. 

Do 

do... 

Slightly  unstable 

....  do 

Slightly  unstable.. 
Good 

Compacting  bituminous  surface  treat- 

 do 

do. 

Good 

.  do 

Good. 

ment. 
Testing  with  concentrated  traffic    .. 

....  do 

....  do        

do 

Do. 

Do 

do 

do. 

do 

Tjnst  ible 

Siightly  unstable. 

Do 

do 

do 

do 

i  No  water  in  sub-base. 

2  Sections  scarified,  sprinkled,  compacted  lightly,  and  treated  with  a  surf  ice  application  of  V/2  pounds  of  calcium  chloride  per  square  yard. 

^Section  5  scarified  at  292,200  wheel-trips.    Sees.  2,  4,  and  5  scarified  at  308,800  wheel-trips. 


November  1939 


PUBLIC  ROADS 


183 


Figure  15. — Sections  of  Track  4  at  242,600  Wheel-Trips, 
Just  Before  Application  of  Calcium  Chloride.  Upper, 
Section  1,  Which  Is  Also  Representative  of  Section  3; 
Lower,  Section  5,  Which  Is  Also  Representative  of 
Sections  2  and  4. 


some  wear  on  the  surface.  The  appearance  of  section 
5,  also  shown  in  figure  15,  is  typical  of  sections  2,  4, 
and  5,  at  242,600  wheel-trips.  The  surfaces  were  loose 
and  unbonded  and  were  wearing  badly. 

At  242,600  wheel-trips,  the  sections  were  scarified 
lightly  and  sprinkled.  The  water  level  was  raised  to 
2)i  inches  and  calcium  chloride  was  applied  uniformly 
to  the  surface.  Traffic  was  started  on  the  following  day 
after  all  calcium  chloride  had  disappeared  from  the 
surface. 

No  dusting  or  raveling  was  observed  on  any  of  the 
sections  throughout  the  test  period  from  the  time  cal- 
cium chloride  was  applied  until  the  bituminous  surface 
treatment  was  constructed. 

The  limestone  and  slag  in  sections  1  and  3,  respec- 
tively, remained  in  good  condition  during  this  phase  of 
the  test  as  illustrated  in  figure  16.  The  other  sections, 
which  were  constructed  with  granite  as  the  predominat- 
ing constituent,  exhibited  a  marked  movement  of  the 
surface.  This  was  distinct  from  the  raveling  noted 
earlier  in  the  tests  and  consisted  of  shoving  and  dis- 
placement in  the  direction  of  traffic.  This  is  well  illus- 
trated in  figure  16,  which  shows  section  5.  The  condition 
described  became  so  bad  that  it  was  necessary  to  scarify 
and  reshape  section  5  at  292,200  wheel-trips  and  sec- 
tions 2,  4,  and  5  at  308,800  wheel-trips. 

At  366,000  wheel-trips,  the  sections  were  reshaped 
and  compacted  and  the  bituminous  surface  treatment 
was  applied.  Water  was  brought  in  contact  with  the 
base  course  and  testing  with  concentrated  traffic 
started  at  394,300  wheel-trios. 

Sections  1  and  3  remained  in  good  condition  through- 
out the  test  period.  At  the  end  of  the  test  sections 
2,  4,  and  5,  had  definitely  failed.  The  displacements 
for  these  latter  sections  were  in  excess  of  0.25  inch  and 
all  three  sections  showed  considerable  movement  under 
individual  wheel-trips.  As  shown  in  figure  14  the 
displacement  curves  for  these  three  materials  rose 
continuously  throughout  the  test.  The  displacement 
curves  for  sections  1  and  3  on  the  other  hand  flattened 


Figure  16. — Sections  of  Track  4  at  366,000  Wheel-Trips, 
Just  Before  Construction  of  the  Bituminous  Surface. 
Upper,  Section  3,  Which  Is  Also  Representative  of 
Section  1;  Lower,  Section  5.  Sectioms  2  and  4  Were  in 
Somewhat  Better  Condition  Than  Section  5. 


Figure  17. — Sections  of  Track  1  at  the  Conclusion  of  the 
Test.  Upper,  Section  1,  Which  Is  Also  Representative 
of  Section  3;  Lower,  Section  4,  Which  Is  Also  Represen- 
tative of  Sections  2  and  .">. 

even  under  the  extremely  severe  test  conditions  and 
never  exceeded  0.2  inch.  While  sections  2,  4,  and  5, 
gave  evidence  of  fairly  satisfactory  service  with  the  water 
elevation  at  one-half  inch  they  appeared  definitely  infe- 
rior to  sections  1  and  3  even  at  tins  stage  of  the  test. 

Figure  17  illustrates  the  condition  of  representative 
sections  of  the  track  at  the  conclusion  of  the  test. 

SUMMARY 

The  test  behavior  of  all  the  sections  in  tracks  1,  2, 
and  3,  is  correlated  in  table  10. 

Performance  as  surfaces. — The  grading  curves  for 
the  5  materials  tested  in  tracks  1,  2,  and  3  are  shown 
in  figure  18.  The  shaded  band  in  this  figure  is  drawn 
to  include  the  A.  A.  S.  H.  O.  specification  requirements 
for  coarse-graded,  aggregate-type  surfacing  materials. 
These  specifications  stipulate  that  the  fraction  passing 
the  No.  40  sieve  shall  have  a  liquid  limit  not  greater 
than  35  and  a  plasticity  index  not  less  than  4  nor  more 
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US  STANDARD  SIEVE   NUMBER  INCHES 

SIEVE  SIZE 

Figure  18. — Gkadings  of  Materials  in  Tracks  1,  2,  and  3. 
Shaded  Area  Indicates  Zone  Within  Which  Are  Included 
the  Specification  Requirements  of  the  A.  A.  S.  II.  (). 
for  Type  "11"  Material  for  Stabilized  Surface  Course. 
Each  Grading  Curve  Represents  the  Averaoe  Grading 
of  the  3  Sections  Having  the  Same  Number  Designation 


than  9.  The  maximum  plasticity  index  of  any  of  the 
mixtures  tested  was  3  so  that  while  all  the  mixtures 
except  section  5  conform  to  the  specifications  in  grading 
none  of  them  has  ;i  plasticity  index  high  enough  to 
meet  the  specification  requirements. 

The   tests  with   distributed    traffic    prior   lo   surface 
treatment    on    track    3    without    chemical    admixture 


US   STANDARD  SIEVE   NUM6ER 
SIEVE  SIZE 


Figure  19.— Gradings  of  Materials  in  Track  4.  Shaded 
Area  Indicates  Zone  Within  Which  Are  Included  the 
Specification  Requirements  of  the  A.  A.  S.  H.  ().  for 
Type  "C"  Material  for  Stabilized  Surface  Course. 


showed  that  these  materials  all  raveled  badly  mile 
they  were  kept  damp  by  capillary  moisture  from  tl 
ground  water  table  or  by  water  sprinkled  on  the  surfac 
AVith  decreasing  ground  water  elevation,  sections 
and  '_'  with  the  greatest  amount  of  material  passing  tl 

No.  2()()  sieve  raveled   first.      Kurt  her  lowering  of  tl 

i i l    i i    t;.....   '.;..,.],. 


Further  lowerin; 
water  level    produced    ravelin 
sections  3,  4,  and  5,  which  had  dus 
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'able    10.      Correlation  oj  lest  behavior  of  tht  sections  in  tracks  I,  '.',  and 


Admixture 


Calcium  chloride. 


Sodium  chloride 
None     .....   .   . 


Calcium  chloride 
Sodium  chloride 


Nunc 


<  ialcium  chloride 
Sodium  chloride 


None 


Calcium  chloride 


Sodium  chloride 
None 


<  lalcium  chloi  id 
Sodium  chloride 


X !. 


See. 

No. 


Beha\  ior  under  traffic 


Without  bituminous  surface 


Compact  ing 

Without   W  alii 

in  sub-base 


i  ii  table 


do 

do 


( lood 

..  do 


Slightly  unsta- 
ble. 


Oood 
....do. 


do... 


do 


do 

do 


do 

do 


do 


Water  level 
'.''2  inches 


Slightly  unst 

Lie 

.   do  .. 
Dusty 


Good 

...  do. 


do 
do 


do 


do 

do 


Slight  ravelin? 

(lood 


Water  level 
1  i  inch 


( lood 


Slight  pitting 
Raveled 


<;  ,od 
do 


Raveled 


1  lood 
do 


Slight  ravelins; 


( iood 


do  .. 

do... 


Raveled, 
(lood 

do    . 


No  water  in  suh 

base  iust  before 
sprinkling 


Oood 


do 
Raveled 


C 1 

Slight  rsivi 


Raveled 


Oood 

Slight  raveling 


Raveled 


Slight  ra  eling 

do 

Raveled  


do 

do 


do 


\fler  sprinkling 
and  draining 


Slii-hlK   n      '  i 

.  do  .. 

Oood 


do 
do 


do.' 


do 
do 


do.'.. 


-liuht  1  1  \  ding 


Good  .. 
...   do.' 


Raveled 

Slight  reveling 


(lood 


\\  iih  bituminous  sui  fire 


Water 

level 

1 . inch 


(lood. 


do 


do. 

do 


do 

do 


Water  level 
-'■_>  inches 


Good 


do 
do 

do    . 

do 

do 

do 

do     . 

do 

do 

d'. 

d  1 

do. 

Slight  h 

hie. 

unsta 

(lood 

d 


Watel     |r\  1   I 

5  inches 


(lood 

Do. 
Do 

Do. 
Slightlv  unsta 

hie 

( lood. 


Do. 
Slii  htlj  unsta 

Me 

Unstable. 


Slightlj  unsta- 
ble. 
Do. 

1  'n-tahlc. 

Do. 
Sliahth  unstaj 

hie,    ' 

Do. 


'  On  track  8  traffic  was .discontinued  2O.C00  wheel-trips  after  sprinkling  while  the  sections  were  still  in  good  condition,     rest    prioi  to   prinl   ing  had  indicated  1  hat  60.1 
wheel-trips  with  water  withdrawn  from  the  sub-base  would  produce  raveling  in  all  sections. 


\ i  j  vein  her  1939 


PUBLIC  ROADS 


185 


The  grading  curves  for  the  5  materials  tested  in 
track  4  are  shown  in  figure  19.  The  shaded  hand 
represents  the  A.  A.  S.  H.  O.  specification  limits  for 
crusher-run  surfacing  materials.  The  slag  tested  in 
section  3  is  coarser  than  provided  for  by  the  specifica- 
tions. All  other  materials  conform  to  the  specification 
requirements.  Sections  f  and  3,  consisting  of  lime- 
stone and  slag  materials,  were  satisfactory  throughout 
the  tests  and  were  definitely  superior  to  sections  2,  4, 
and  5  which  consisted  of  granite  or  largely  of  granite. 
The  limestone  and  slag  were  naturally  cementitious  and 
bonded  well  in  the  test,  whereas  the  pure  granite  which 
was  used  in  section  2  failed  to  bond  and  was  unstable 
under  traffic.  Admixtures  of  limestone  or  slag  in  the 
amount  of  10  percent  failed  to  improve  to  any  appre- 
ciable extent  the  behavior  of  the  crusher-run  granite 
used  in  this  investigation. 

Performance  us  hits,  ionises.-  The  five  materials 
tested  in  tracks  1,  2,  and  3  gave  good  service  as  base 
courses  except  under  the  most  severe  testing  conditions. 
The  materials  in  sections  1,  2,  and  3  were  finer  than  the 
A.A.S.  Il.O.  specification  for  base  courses.  The 
materials  in  sections  4  and  5,  while  conforming  essen- 
tially to  the  specification,  approached  its  fine  limit 
Previous  investigations  had  shown  that  concentrated 
traffic,  with  the  ground  water  elevation  one-half  inch 
above  the  bottom  of  the  base  course,  provides  a  con- 
dition which  is  sufficiently  severe  to  identify  the  defi- 
nitely unsatisfactory  materials.  In  these  tests  traffic 
was  continued  with  increased  wheel  loading  after  the 
water  had  been  raised  to  5  inches  above  the  bottom  of 
the  base  course  before  evidences  of  failure  were  pro- 
duced in  tracks  1,2,  and  3. 

At  the  conclusion  of  these  very  severe  tests  the  follow- 
ing sections  in  tracks  1,  2,  and  3  were  in  comparatively 
poor  condition: 

Track  1— sections  4  and  5. 

Track  2— sections  2,  3,  4,  and  5. 

Track  3 — sections  3  and  4. 

In  general,  mixtures  which  had  from  20  to  25  per- 
cent of  material  passing  the  No.  200  sieve  proved  more 
stable  than  those  having  lower  dust  contents.  How- 
ever, previous  investigations  '  have  shown  that  if  the 

i  See  footnote  1,  p.  173. 


fines  were  plastic   this  amount   of  fine  material   would 
be  detrimental. 

The  limestone  and  slag  sections  in  track  4  gave  good 
service  as  base  courses  under  all  conditions  of  the  test. 
The  granite  sections  exhibited  increasing  amounts  of 
movement  under  traffic  with  the  water  one-half  inch 
above  the  bottom  of  the  base  and  failed  under  the 
severe  conditions  imposed  toward  the  conclusion  of  the 

lest. 

Densities  measured  at  the  conclusion  of  the  test  on 
each  track  are  shown  in  tabic  11.  Densities  obtained 
in  the  Proctor  or  A.A.S.  Il.O.  standard  compaction 
test  are  also  shown  in  this  table.  The  compaction 
tests  were  run  on  the  soil  mortar,  or  that  fraction  of  the 
materia]  passing  the  No.  10  sieve.  The  values  shown 
in  table  11  for  tracks  1,  2,  and  3,  are  corrected  for  the 
material  retained  on  the  No.  10  sieve. 

With  few  exceptions,  the  densities  measured  in  the 
track  were  less  than  the  maximum  densities  computed 
from  the  Proctor  compaction  test.  Section  1,  which 
failed  to  compact  readily  early  in  the  test  in  all  three 
tracks,  ultimately  reached  the  highest  density.  Sec- 
lions  4  and  .">  which  set  up  well  initially,  had  densities 
considerably  lower  than  the  other  sections  in  all 
tracks. 

The  densities  attained  in  the  track  by  the  five  crusher- 
run  materials  as  compared  with  densities  obtained  in  the 
vibratory  compaction  test  (see  table  I  2)  gave  no  indica- 
tion as  to  their  suitability.  Their  behavior  depended  on 
other  characteristics. 

Effect  oj  chemical  treatmerds. — The  effect  of  the 
chemical  admixtures  on  the  compatibility  of  the  graded 
materials  is  shown  by  the  behavior  of  the  test  sections 
during  the  initial  compaction  period.  Track  1  which 
contained  calcium  chloride  reached  a  condition  con- 
sidered suitable  for  starting  the  test  at  somewhat  less 
than  one-third  the  wheel-trips  required  to  produce  a 
similar  condition  in  tracks  2  and  3. 

Testing  with  distributed  traffic  prior  to  the  construc- 
tion of  the  bituminous  surface  treatment  produced  less 
raveling  in  sections  1,  2,  and  3  in  both  tracks  1  and  2 
in  which  a  chemical  admixture  was  used  than  in  the 
corresponding  sections  of  track  3  which  contained  no 
chemical.     Section  4  of  the  chemically  treated  tracks 


Table  11. — Moisture  content 

and  density  of  laboratory  compacted  aggregates  and  of 

circular 

track  se 

ctions  at 

conclusion  of  traffic  tett 

Track  No. 

Admixture 

Sec. 
So 

Compacted  by  Proctor  method 

Samples  cut  from  hack  at  end  of  lest 

Water 

contenl 

based 

on  dry 
weight 

Composition  by  volume 

Water 
content 

based 
mi  dry 
weight 

Composition  by  volume 

Water 

Aggre- 
gate 

Air 

voids 

Water 

gate 

Air 
voids 

l            

Calcium  chloride. . 
Soiliiim  chloride 

1         i 

2 

\           3 
4 

|            1 

1      I 

1  ! 

i    i 

3 

1 

I'irci  lit 
6.  1 
6.8 
4.9 
5.4 
4.7 

6.  5 
8.  1 
5  3 
4.5 

4  I) 

11.  (5 
(i.  1 
4.7 
1  9 
4.2 

Peru  hi 
13.9 
15.  1 
11.3 
12.  1 
10.8 

14.7 
13.7 
12.2 
10.5 

9.4 

14.8 
13.9 
11.  1 
11.5 
9  7 

Percent 
86.  1 
S4   0 
87.4 
8fi  6 
86  5 

85.  3 
84  9 

S7  n 
88   1 
xs  1 

■si  9 
86  0 
88.8 
88.  5 

ST.  6 

/',  rci  nt 
0 
.9 
1.3 

I  0 

0 

1. 1 

s 

1  I 

2  2 
.3 
.  1 
.  1 

0 
2  7 

/',  rci  ill 
5.  6 
5.3 
4.6 

5.  9 

5.  1 

4' 3 
4.7 
5.  1 

5.  3 

4.S 
4.9 

5.  4 

8.  1 

9.  2 

6.  7 

7.  1 

Peru  hi 
12.8 
11  8 
10.5 
12.4 
12.8 

11  8 
12.4 

9  8 
10.3 

10.  9 

12  0 
11.6 
III  5 
10.7 

11.  1 

11.6 

1(1.  9 
19.7 
14.3 
15.  3 

Pi  r cent 
86.  0 

84.  3 

85.  x 
82  11 
81.7 

87.3 

84  9 
86  3 
82  8 

80.  I) 

85  5 
84.2 
82.  7 

82  ('. 
80  6 

79.4 
79.  1 
79.7 
80  9 
81.3 

Pero  ni 
1.2 
3  9 
3.7 

, 

5.  (1 
5.  5 

.9 

6.  '.I 
8.5 

2.  5 
4.2 
6.  8 

1          ..... 

Calcium  chloride  > 

(1.  7 
8.3 
9.0 

4.0 

.(1 

1.8 

3.  1 

<  impaction  test  made  on  portion  passing  No.  10  sieve  and  moisture  contents  and  densities  calculated  for  total  mixture  containing  the  coarse  fraction. 
■  Surface  application. 
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was  only  slightly  better  and  section  5  no  better  than  the 
corresponding  sections  of  track  3.  Sections  1  and  2  had 
the  highest  and  section  5  the  lowest  dust  contents. 

In  track  1,  sections  4  and  5,  which  displayed  the 
greatest  amount  of  raveling,  had  calcium  chloride  con- 
tents of  0.06  percent  when  sampled  at  118,200  wheel- 
trips  or  just  before  sprinkling.  At  the  corresponding 
period  of  test  on  track  2,  184,000  wheel-trips,  the  sodium 
chloride  content  of  section  4  was  0.19  percent  and  of 
section  5  was  0.43  percent.     (See  table  7.) 


Table  12.- 


-Densities  of  crusher-run  materials  in  track  compared 
to  densities  obtained  by  vibration 


Sec.  No. 

Density  in 
track 

Density 

obtained  by 

vibration 

1 
2 
3 
4 
5 

Percent 
79.4 
79.1 
79.7 
80. 9 
81.3 

Percent 
84. 0 
79.2 
77  9 
79.4 
80.1 

The  appearance  just  before  sprinkling  of  seel  ion  5  in 
the  two  tracks  containing  admixtures  is  shown  in  figures 
3  and  7,  respectively.  At  the  corresponding  stage  of 
the  test,  the  condition  of  section  5  in  track  3,  which 
contained  no  admixture,  was  very  similar  to  that  of 
section  5  in  track  1. 

While  water  applied  to  the  surface  benefited  all  sec- 
tions of  track  3,  it  made  section  1  of  both  the  calcium 
chloride  and  sodium  chloride  treated  tracks  less  stable. 
This  loss  of  stability  did  not  however,  extend  deeply 
into  the  course  but  was  confined  to  the  top  inch. 

The  surface  sprinkling  failed  to  improve  except 
temporarily  the  surface  condition  of  the  remaining 
sections  of  track  1,  but  had  no  detrimental  effect  on 
their  stability.  Aside  from  its  detrimental  effect  on  the 
surface  of  section  1,  the  sprinkling  caused  an  improve- 
ment of  considerable  duration  in  track  2,  which  con- 
tained the  sodium  chloride  (figs.  7  and  8).  A  shorter 
period  of  drying  and  less  traffic  were  required  to  cause 
raveling  to  start  again  in  both  tracks  after  leaching 
than  before. 

In  section  5  of  track  1 ,  the  amount  of  raveling  caused 
by  only  25,000  wheel-trips  subsequent  to  the  surface 
application  of  water  was  decidedly  greater  than  that 
produced  by  the  60,000  wheel-trips  immediately  pre- 
ceding the  sprinkling  (figs.  3  and  4).  Similarly,  in 
section  5  of  track  2,  the  40,000  wheel-trips  applied  after 
sprinkling  and  prior  to  the  construction  of  the  bitumi- 
nous surface  treatment  had  a  more  detrimental  effect 
than  the  80,000  wheel-trips  immediately  preceding  the 
first  application  of  surface  water  (figs.  7  and  8). 

The  chloride  content  of  all  sections  was  reduced  by 
the  leaching  action  of  the  water  sprinkled  on  the  surface 
as  indicated  in  tables  5  and  7.  The  calcium  chloride 
content  of  the  sections  of  track  1  varied  from  0.05 
percent  for  section  4  to  0.32  percent  for  section  1  after 
the  leaching  test.  In  track  2  the  sodium  chloride 
content  varied  from  0.04  percent  for  section  5  to  0.21 
percent  for  section  1  after  leaching. 

Determinations  at  the  conclusion  of  the  hack  tests 
showed  that,  with  the  exception  of  section  3,  the  densi- 
ties of  corresponding  sections  in  tracks  1,  2,  and  3  were 
quite  similar.  In  general  the  sections  containing 
chemicals  were  slightly  denser  than  the  corresponding 


untreated  sections  and  the  densities  were  roughly  pro- 
portional to  the  amount  of  material  passing  the  No.  200 
sieve.  The  greatest  difference  was  in  section  3.  In 
tracks  1  and  2  the  final  densities  of  this  section  were 
85.8  and  86.3  percent,  respectively,  as  compared  to 
82.7  percent  where  no  admixture  was  used. 

CONCLUSIONS 

The  following  conclusions  appear  to  be  justified,  for 
the  se< -lions  considered  as  surface  courses: 

1.  Nonplastic  granular  mixtures  (tracks  1,  2,  and  3) 
which  have  the  grading  requirements  of  the  A.  A.  S.  H.  O. 
specifications  for  surfacing  materials  but  lower  plas- 
ticity indexes  should  give  excellent  service  without 
chemical  admixture  when  kept  damp  by  capillary 
moisture  or  by  water  sprinkled  on  the  surface  In 
permanently  wet  areas,  therefore,  it  appears  desirable 
to  waive  the  minimum  plasticity  index  requirement  of 
4  as  required  by  the  A.  A.  S.  H.  O.  specification  for  sur- 
face courses,  provided  the  nonplastic  materials  so 
admitted  have  dust  ratios  of  40  percent  or  less. 

2.  It  was  indicated  that  in  dry  locations  and  without 
chemical  treatment  the  materials  used  in  tracks  1,  2, 
and  3  would  be  subject  to  raveling  and  dusting  if  used 
as  surfaces. 

3.  Crusher-run  limestone  and  slag  were  satisfactory 
as  surfacing  courses  under  wet  conditions  but  became 
dusty  under  dry  conditions.  The  particular  granite 
used  in  this  investigation  was  not  satisfactory  as  surfac- 
ing because  it  failed  to  bond  or  set  up  and  because  it 
shoved  badly  when  wet. 

4.  Chemical  treatments  proved  beneficial  in  the  con- 
struction of  bases  for  bituminous  surfaces.  The  ad- 
mixture of  calcium  chloride  expedited  compaction. 
Both  calcium  chloride  and  sodium  chloride  reduced 
raveling  while  the  base  courses  were  carrying  traffic 
prior  to  construction  of  the  bituminous  wearing  course. 
These  results  were  obtained  under  conditions  of  high 
relative  humidity. 

5.  The  presence  of  1 5  to  25  percent  of  ma  terial  passing 
the  No.  200  sieve  is  necessary  to  prevent  the  loss  of  a 
large  part  of  the  water-retentive  chemicals  when  water 
falls  on  the  surface  and  percolates  through  the  mixture. 

6.  A  surface  application  of  calcium  chloride  was 
effective  in  reducing  dusting  and  preventing  raveling 
on  all  five  sections  in  track  4.  However,  the  moisture 
held  near  the  surface  of  sections  2,  4,  and  5  by  the 
calcium  chloride  promoted  the  formation  of  corrugations 
to  a  detrimental  extent. 

For  the  sections  considered  as  base  courses,  the  fol- 
lowing conclusions  appear  to  be  justified: 

7.  All  materials  tested  in  tracks  1,  2,  and  3  both 
with  and  without  chemical  admixtures,  gave  excellent 
service  as  base  courses  except  under  moisture  conditions 
much  more  severe  than  could  reasonably  be  expected 
in  service.  It  is  believed  therefore  that  existing  sur- 
faces which  meet  the  A.  A.  S.  H.  O.  surface  course 
specifications  for  grading  but  which  are  nonplastic  in 
character  may  be  surface  treated  without  altering 
their  composition. 

8.  The  limestone  and  slag  sections  of  track  4  gave 
excellent  results  when  tested  as  bases  for  bituminous 
surfacing  under  all  conditions  of  moisture.  Sections  2, 
4,  and  5,  in  which  the  crusher-run  granite  was  the 
predominating  constituent,  were  inferior  to  sections  1 
and  3  but  gave  satisfactory  service  except  under  un- 
reasonably severe  test  conditions. 
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9.  Considerable  latitude  in  grading  requirements  can 
be  permitted  when  materials  such  as  crusher-run  lime- 
stone or  slag  are  used  for  base  courses.  The  natural 
cementing  properties  of  these  materials  assist  greatly 
in  the  formation  of  stable  bases  even  when  the  grading 
is  de.mitely  coarser  than  would  be  allowed  by  the 
present  A.  A.  S.  H.  O.  specifications. 

10.  Materials  that  gave  trouble  during  the  early 
compaction  period  ultimately  attained  the  highest 
density  of  any  of  the  sections  and  gave  satisfactory 
service.  This  confirms  the  conclusion  reached  in  previ- 
ous investigations  that  early  difficulties  encountered  in 
coimactin-j:  materials  having  acceptable  gradings  and 
plasticity  indexes  need  not  be  taken  as  an  indication  of 
poor  quality. 


11.  Because  of  its  greater  density  and  stability  a  well- 
graded  sand-clay-gravel  material  having  a  low  plas- 
ticity index  is  to  be  preferred  to  absolutely  nonplastic 
material  of  comparable  grading  for  base-course  con- 
struction. 

12.  The  tests  indicate  that  properties  other  than  those 
revealed  by  the  mechanical  analysis  and  plasticity  tests 
influence  the  behavior  of  crushed  stone  or  slag  aggre- 
gates. 

13.  It  is  indicated  that  the  crushed  granite  with  the 
nonplastic  binder  used  in  these  tests  is  not  wholly 
satisfactory  either  as  a  surface  or  as  a  base.  Since 
satisfactory  roads  have  been  built  using  granite  from 
other  sources  a  more  comprehensive  investigation  of 
this  class  of  material  seems  desirable. 
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MARKING  AND  SIGNING  NO-PASSING  ZONES 
ON  TWO-  AND  THREE-LANE  ROADS 

BY  THE  DIVISION  OF  DESIGN,  PUBLIC  ROADS  ADMINISTRATION 


Reported  by  JOSEPH  BARNETT,  Senior  Highway  Design_Engineer 


THE  delineation  of  traffic  lanes  on  highways  by 
pavement  inserts  or  painted  stripes  has  long  been 
recognized  as  an  important  contribution  to  safety  and 
driving  comfort.  The  increase  in  speed  of  motor- 
vehicle  travel  during  the  past  decade  has  emphasized 
the  importance  of  the  use  of  centerline  or  lane-line 
pavement  marking  with  the  result  that  nearly  all 
States  have  adopted  some  system  of  marking  their 
important  highways. 

These  systems  naturally  reflected  local  road  con- 
ditions, driver  habits,  and  the  different  opinions  of 
highway  officials,  so  that  marking  and  signing  now 
encountered  on  the  highways  frequently  differ  radically 
from  one  State  to  another  and  sometimes  from  section 
to  section  in  the  same  State.  This  confusion  is  particu- 
larly critical  in  the  methods  of  pavement  striping  and 
signing  used  to  indicate  zones  of  short  sight  distance, 
unsafe  for  passing  maneuvers. 

The  obvious  solution  to  the  problem  created  by  zones 
of  short-sight  distance  is  their  entire  elimination,  but 
immediate  elimination  is  not  economically  feasible  in 
many  instances.  Most  States,  therefore,  have  resorted 
to  some  system  of  pavement  striping  or  signing,  or  both, 
to  warn  traffic  against  encroachment  upon  the  lane  of 
opposing  traffic  within  the  limits  of  these  zones.  The 
marking  of  "No-Passing  Zones"  has  proved  effective  in 
encouraging  safe  driving,  despite  the  widely  varied 
systems  of  marking  used.  Highway  engineers  are  con- 
vinced that  the  Nation-wide  adoption  of  rational 
standards  for  marking  no-passing  zones  is  highly 
desirable. 

The  common  desire  of  the  State  highway  depart- 
ments, the  Public  Roads  Administration,  and  other 
highway  organizations  to  encourage  the  development  of 
a  uniform  system  for  pavement  marking  led  to  action 
through  the  American  Association  of  State  Highway 
Officials.  The  problem  was  approached  through  action 
of  three  existing  committees  of  the  Association.  The 
Special  Committee  on  Administrative  Design  Policies 
undertook  the  work  of  preparing  criteria  to  designate 
which  portions  of  the  highway  should  be  marked  as 
no-passing  zones,  where  the  markings  should  be  located, 
and  what  the  markings  should  represent.  The  Commit- 
tee on  Traffic  Control  and  Safety  and  the  Committee  on 
Maintenance  jointly  undertook  the  work  of  determining 
the  details  of  a  normal  centerline  or  lane-line  stripe  as 
to  color,  width,  continuity,  etc.,  the  changes  to  be  made 
to  the  normal  stripe  to  indicate  no-passing  zones,  and 
the  signing  of  no-passing  zones. 

SURVEY  MADE  OF  STATE  PRACTICES  IN  MARKING  PAVEMENTS 

Early  in  1939  the  Special  Committee  on  Administra- 
tive Design  Policies  requested  the  Public  Roads  Admin- 
istration to  make  a  survey  of  existing  practice  in  mark- 
ing and  signing  pavements  on  rural  highways.  In  this 
survey  data  were  obtained  from  each  State  regarding 
the  color,  width,  continuity,  mileage,  etc.,  of  the 
normal  pavement  stripe,  or  stripes,  on  rural  highways, 
and  the  variations  in  these  details,  plus  information 
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regarding  shoulder  signs,  to  indicate  no-passing  zones 
on  two-  and  three-lane  pavements.  Tables  1  to  4 
summarize  this  information.  In  each  table  the  num- 
bers of  States  reporting  the  same  systems,  values,  or 
items  are  listed.  The  large  variation  in  different 
detads  and  systems  now  in  use  by  the  several  States  is 
evident. 


Table    1. — Summary   of  Slate   practices 
no-passing  zones  ' 

regarding 

definition   of 

Minimum  sight  distance 

2-lane 
roads 

3-lane 
roads 

300  feet 

2 

1 
13 
2 
3 

5 

2 

400  feet 

1 

500  feet 

3 

GOO  feet _ 

1 

700  feet 

I 

800  feet. 

3 

1,000  feet- 

2 

475  to  1,260  feet 

1 

1,000  to  1,200  feet _ _ 

1,200  to  2,400  feet 

Minimum  sight  distance  bases  not  used..  . 

2 

Also  use  minimum  radius  control... 

6 

3 

1  11  States  do  not  mark  zones  on  2-lane  roads,  24  States  have  no  rural  3-lane  roads, 
and  8  States  do  not  mark  zones  on  3-lane  roads. 


Table  2. — Summary  of  State  practices  regard 
pavement  stripe  * 

ing  color 

of  normal 

Stripe  color 

Concrete 
pavement 

Bituminous 
pavement 

Black 

23 
13 
9 
3 

4 

White. 

28 

Yellow 

14 

Miscellaneous  or  none 

2 

1  The  same  color  stripe  is  used  on  both  concrete  and  bituminous  pavements  in 
23  States.    Different  color  stripes  are  used  in  22  States 

Table  3. — Summary  of  Slate  practices  regarding  type  and  width 
of  normal  pavement  stripe 


Type 


Joint  only,  or  no  painted  stripe 

Broken  stripe 

Continuous  stripe 

Miscellaneous. 

Width  of  stripe: 

3  inches 

4  inches... 

5  inches 

6  inches. _ 

Other... 


2-lane  roads 


Concrete 
pavement 


Bitu- 
minous 
pavement 


2 

20 
2 


3-lane  roads  > 


Concrete 
pavement 


Bitu- 
minous 
pavement 


'   24  States  indicated  no  rural  3-lane  roads. 

Twenty-two  States  use  broken  stripes  varying  from 
stripes  10  feet  long  spaced  10  feet  apart  to  stripes  100 
feet  long  spaced  100  feet  apart. 

The  location  of  the  stripe  on  widened  curves  on  2- 
lane  roads  also  varies  considerably  among  States:  In 
27  States  the  stripe  is  placed  on  the  physical  centerline 
of  the  road;  in  10  States  the  stripe  is  placed  inside  the 

189 


190 


PUBLIC  ROADS 


Vol.  20,  No.  10 


physical  centerline  of  the  road;  in  4  States  the  stripe  is 
placed  outside  the  physical  centerline  of  the  road;  4 
States  have  no  standard;  and  the  remaining  3  States 
place  the  stripe  either  on  the  physical  centerline  or  out- 
side the  centerline. 

State  practices  regarding  the  marking  of  no-passing 
zones  on  2-lane  roads  are  summarized  in  table  4. 

Table  4.- — Summary  of  State  practices  regarding  the  marking  of 
no-passing  zones  on  2-lane  roads 


Method 


Signs— normal  stripe. 

Special  stripe— no  sigri8- 

Special  stripe — with  signs 

Not  marked— normal  stripe 

Type  of  special  stripe 

Single  continuous  line 

Double  or  triple  continuous  line 

Added  line  on  right  of  normal  stripe 

Added  line  on  left  of  normal  stripe 


States 


States 


Signs  indicate— 


Beginning  only  (2  signs  per  zone) 

Beginning  and  end  (4  signs  per  zone) 

Beginning  or  beginning  and  end,  but  not  used  at  all  zones. 


Signs       Stripe 
only      and  signs 


Total 


Twenty-two  States  continue  the  special  stripe  (dif- 
ferent from  the  normal  stripe)  throughout  the  zone. 
Ten  other  States  use  an  added  stripe  only  for  the  first 
part  of  the  zone,  terminating  it  at  the  point  where 
sight  distance  is  no  longer  restricted.  Of  these  10,  3 
States  use  a  double  stripe  composed  of  a  broken  stripe 
and  continuous  stripe  of  the  same  color,  and  7  States 
add  a  continuous  stripe  of  a  different  color,  either  white 
or  yellow.  One  State  uses  a  double  or  triple  stripe 
throughout  but  changes  the  color  of  the  right  stripe 
at  the  point  where  sight  distance  is  no  longer  restricted. 
One  State  uses  a  continuous  double  stripe  throughout 
but  in  some  cases  indicates  the  end  of  no-passing  length 
from  one  direction  by  a  diagonal  arrow  across  the 
stripe.  Thus  of  32  States  using  stripe  markings  in 
no-passing  zones  on  2-lane  pavements  only  12  incor- 
porate the  feature  of  a  unidirectional  indication  of  the 
point  beyond  which  the  sight  distance  is  no  longer 
restricted. 


Method  (3-lane  roads) 

States  ' 

Special  stripe  on  center  line — no  signs      

Special  stripe  on  center  line — with  signs  _  _    .    _ 

Special  stripes  on  lane  lines — with  signs.      _    _ 

Zones  not  marked — normal  stripe.      . 

3 
6 

7 
8 

Type  of  special  stripe 

States 

Single  continuous  line.       .      .    .. 

8 

1  )ouble  or  triple  continuous  line .. 

4 

Added  line  on  right  of  normal  stripe   . ._ 

4 

Signs  indicate — 

States 

Beginning  only  (2  signs  per  zone)     _ 

6 

Beginning  and  end  (4  signs  per  zone)         

Beginning  or  beginning  and  end,  but  not  at  all  zones. . 

3 

4 

i  24  States  Indicate  no  rural  3-lane  roads. 


State  practices  regarding  the  marking  of  no-passing 
zones  on  3-lane  roads  are  summarized  in  the  previous 
tabulation. 

Of  the  16  States  marking  no-passing  zones  on  three- 
lane  highways,  9  have  systems  restricting  all  passing  in 
the  entire  length  of  the  zone  by  means  of  centerline  strip- 
ing, 6  have  a  lane-marking  system  permitting  two-lane 
operation  as  soon  as  the  road  opens  up  to  view  and 
1  permits  two-lane  one-way  operation  on  the  upgrade 
only.  Thirteen  States  apparently  use  one  or  more 
signs  in  conjunction  with  the  pavement  stripes  in  the 
zones  and  3  States  use  no  signs. 

The  summary  of  existing  practice  was  given  serious 
consideration  by  the  three  committees  of  the  Asso- 
ciation. 

MARKING    SHOULD    INDICATE    NO-PASSING    ZONES    SEPARATELY 
FOR  TRAFFIC  IN  EACH  DIRECTION 

In  establishing  criteria  for  no-passing  zones  and  the 
location  of  stripes  the  Special  Committee  on  Ad- 
ministrative Design  Policies  felt  that  it  was  of  para- 
mount importance  that  the  marking  should  indicate 
no-passing  zones  separately  for  traffic  in  each  direction. 
The  sight  distances  ahead  and  to  the  rear  on  a  road 
are  generally  of  unequal  lengths.  If  a  stripe  indi- 
cating a  no-passing  zone,  such  as  a  single  stripe  on  the 
centerline,  does  not  differentiate  between  opposing 
directions  of  travel,  the  usefulness  of  the  road  is 
seriously  impaired  and  a  disrespect  for  restrictive  stripes 
may  be  developed.  When,  for  example,  a  highway  is 
on  tangent  and  sight  distance  over  the  crest  of  a  hill 
is  inadequate  for  passing,  the  restrictive  stripe  should 
begin  where  the  sight  distance  for  traffic  approaching 
the  hill  is  less  than  a  desirable  minimum,  but  beyond 
the  crest  where  the  road  ahead  opens  up  to  view  the 
stripe  should  not  restrict  a  vehicle  from  making  a 
passing  maneuver.  A  stripe,  however,  is  required  to 
prevent  passing  by  vehicles  in  the  opposite  direction 
approaching  the  crest.  Both  objectives  may  be 
attained  by  the  use  of  a  system  of  striping  which 
restricts  passing  to  traffic  in  one  direction  only,  such  as 
a  dashed  stripe  throughout  the  length  of  the  road 
with  an  additional  continuous  stripe  on  the  side  where 
sight  distance  is  limited. 

A  no-passing  zone  for  traffic  in  one  direction  may  over- 
lap a  no-passing  zone  for  traffic  hi  the  opposite  direction 
or  there  may  be  a  gap  between  the  ends  of  the  zones. 
A  system  of  striping  which  differentiates  between 
traffic  in  opposing  directions  naturally  will  show  these 
overlaps  and  gaps.  A  normal  broken  stripe  with  a 
continuous  stripe  alongside  to  indicate  a  no-passing 
zone  would,  for  example,  have  a  continuous  stripe  on 
both  sides  where  the  no-passing  zones  overlap  on  a 
two-lane  road. 

Passing  on  three-lane  roads  is  accomplished  on  the 
middle  lane.  If  the  system  of  marking  at  no-passing 
zones  restricts  traffic  in  both  directions  from  passing, 
the  middle  lane  becomes  ineffective.  Most  of  the  mid- 
dle lane,  however,  can  be  used  effectively;  confusion 
can  be  avoided,  hazard  diminished,  and  utility  of  the 
road  increased  by  a  system  of  striping  which  restricts 
traffic  in  one  direction  to  one  lane  but  permits  traffic 
in  the  opposite  direction  to  use  two  lanes.  There  has 
been  some  question  regarding  the  most  desirable  type 
of  operation  over  the  crests  of  hills  on  three-lane  roads 
on  which  widening  to  four-lanes  is  not  justified.  Some 
engineers  contend  that  the  delay  caused  by  slow-mov- 
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View  Taken  From  Crest  of  Hill.     Non-Directional  Mark- 
ing Restricts  Passing  Despite  Adequate  Sight  Distance- 

ing  trucks  going  uphill  should  be  avoided  by  reserving 
two  lanes  for  upgrade  traffic.  From  the  standpoint  of 
sight  distance  this  system  is  hazardous  in  that  it  encour- 
ages passing  when  the  sight  distance  is  limited.  Traffic 
should  be  confined  to  the  right  lane  when  sight  distance 
is  inadequate  for  passing  just  as  on  two-lane  roads. 
When  the  road  ahead  opens  up  to  view,  the  restriction 
should  be  terminated  and  passing  permitted  on  the 
middle  lane. 

Diagonal  striping  should  be  provided  in  the  middle 
lane,  crossing  from  the  inside  of  the  left  lane  to  the 
beginning  of  the  restrictive  striping  on  the  inside  of  the 
right  lane.  The  diagonal  striping  should  meet  the 
longitudinal  restrictive  striping  at  the  beginning  of  the 
no-passing  zone.  The  diagonal  striping  should  inform 
drivers  in  one  direction  of  the  necessity  of  moving  over 
to  the  right  lane  without  crossing  the  diagonal  striping 
but  should  not  restrict  crossing  by  vehicles  traveling 
in  the  opposite  direction. 

In  striping  a  highway  to  restrict  passing  of  vehicles 
where  sight  distance  is  inadequate  the  general  concept 
in  choosing  factors  to  determine  sight  distance  below 
which  passing  should  be  restricted  is  totally  different 
from  that  in  choosing  factors  to  determine  sight  dis- 
tance to  design  a  highway.  If  the  same  factors  are 
chosen  and  a  highway  is  striped  to  restrict  passing 
wherever  the  sight  distance  is  less  than  the  passing 
minimum,  and  almost  all  drivers  accept  the  dictum 
that  they  are  required  to  keep  to  the  right  of  a  restric- 
tive stripe  throughout  its  length,  the  use  of  the  highway 
is  severely  impaired. 


Three-Lane  Highway  Marked  To  Restrict  Traffic  to  Two 
Lanes  Over  the  Crest  of  a  Hill  Where  Sight  Distance 
for  Up-Hill  Traffic  Is  Restricted.  Such  Non-Direc- 
tional Marking  Unnecessarily  Restricts  Down-Hill 
Traffic  Which  Has  Adequate  Sight  Distance  for  Pass- 
ing, Thus  Encouraging  Disregard  for  Restrictive  Line 
and  Passing  as  Shown. 

sight  distance  for  striping  depends  on  design  speed 

The  desirable  minimum  sight  distance  on  which  to 
base  restrictive  striping  for  a  two-  or  three-lane  road 
lies  between  the  minimum  passing  sight  distance  used 
in  design  and  a  sight  distance  of  no  appreciable  length. 
The  former  is  on  the  side  of  safety  if  the  line  is  respected 
but  restricts  the  use  of  the  road.  The  latter  is  highly 
hazardous  but  permits  passing  at  will  so  that  even  if  a 
driver  sees  only  enough  of  the  road  ahead  to  pass  a 
vehicle  practically  standing  still  in  the  face  of  opposing 
traffic  traveling  at  a  very  low  speed  he  is  not  deterred 
by  a  restrictive  stripe. 

The  sight  distance  for  striping  as  finally  recommended 
in  the  second  column  of  table  5  is  a  compromise  based 
on  a  passing  maneuver  such  that  the  frequency  of 
maneuvers  enabling  passing  where  sight  distances  are 
shorter  is  not  great  enough  to  impair  seriously  the 
usefulness  of  the  road.  Note  that  the  sight  distance 
for  striping  varies  and  is  dependent  on  the  design  speed. 
The  design  speed  is  one  which  is  greater  than  that  used 
by  almost  all  drivers  on  any  particular  road  or  section 
of  road  when  traffic  is  not  heavy  enough  to  impede 


Table  5. — Relation  of  limits  oj  no-passing  zones  to  the  point  of  intersection  of  vertical  curves  for  purpose  of  marking  pavements 


Design  speed  (miles  per  hour) 


30 
411 
50 
60 

70 


Mini- 
mum 
passing 
sight  dis- 
tance for 
marking 
pave- 
ments 
(feet) 


500 

600 

800 

1,000 

1,200 


Value  of  algebraic  difference  of  grades,  percent  -=-  100 


A  > 


40 
180 
320 

600 


B' 


330 
-170 

420 
-180 

620 
-180 

820 
-180 
1,060 
-140 


0.00 


o.os 


}      160 


310 
500 


930 


390 
-110 

480 
-120 

700 
-100 

980 
-20 
1,320 

120 


200 
410 


1,250 
1,970 


{-5 


420 
-80 
520 


790 

-10 

1,120 

120 
1,  540 

340 


}  280 
]  525 
}  860 
}  1,530 
}  2,460 


440 

-60 

WO 

-20 

860 

60 

1,260 

260 

1,760 

560 


0.12 


A  B 


}  340 
]  630 
|  1,030 
|  1,880 


460 

-40 
620 

20 

940 

140 

1,  400 

400 


0.14 


}  390 
}  740 
}  1,200 
|  2,  160 


490 

-10 

660 

60 

1,020 

220 

1,  540 

540 


0.16 


}  420 
]  930 
}  1,360 
}  2,  500 


510 

in 
7 -JO 
120 


1,690 
690 


!   '  A  =  Length  of  vertical  curve  resulting  In  minimum  sight  distance  permitted  in  design. 

!  B=Hortzontal  distance  from  the  point  of  intersection  of  vertical  curve  to  limits  of  no-passing  zone.  The  upper  figure  in  each  case  is  the  distance  in  feet  to  the  beginning 
of  the  no-passing  zone.  The  lower  figure  is  the  distance  to  the  end  of  the  no-passing  zone.  When  the  lower  figure  is  a  minus  value  the  end  of  the  zone  is  on  the  near  side  of 
ithe  point  of  intersection,  the  length  of  the  no-passing  zone  is  the  difference  between  the  two  figures,  and  there  is  a  gap  between  the  ends  of  no-passing  zones  in  opposite  direc- 
tions. When  the  lower  figure  is  a  plus  value  the  9nd  of  the  zone  is  on  the  far  side  of  the  point  of  intersection,  the  length  of  the  no-passing  zone  is  the  sum  of  the  two  figures, 
and  no-passing  zones  in  opposite  directions  overlap. 
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smooth  operation.  It  is  governed  largely  by  the  physi- 
cal characteristics  of  the  road  such  as  sharp  curvature 
and  by  the  surroundings,  wide-open  spaces  encouraging 
higher  speeds  than  built-up  areas.  Sight  distance  lor 
marking  is  based  on  height  of  eye  and  height  of  object 
above  the  road  surface  both  being  4.5  feet. 

No-passing  zones  on  an  existing  road  are  evaluated 
by  determining  the  design  speed  of  the  road  or  section 
of  road,  after  which  the  beginning  and  end  of  each 
no-passing  zone  are  located.  The  sight  distance  at 
these  points  corresponds  to  the  minimum  passing  sight 
distance  for  marking.  The  methods  of  measurement  are 
relatively  simple  and  are  not  discussed  in  this  report. 

An  idea  of  the  location  of  no-passing  zones  at  hill 
crests  can  be  obtained  from  table  5  which  shows  their 
location  for  various  changes  in  grade  for  which  the 
lengths  of  vertical  curve  are  those  resulting  in  the 
minimum  sight  distance  permitted  in  design. 

RESTRICTIVE  STRIPE  NEEDED  AT  INTERSECTIONS  AT  GRADE 

It  is  desirable  that  vehicles  approaching  an  inter- 
section on  two-  and  three-lane  roads  keep  to  the  right 
and  that  all  passing  maneuvers  should  be  completed  be- 
fore reaching  the  intersection.  Passing  while  crossing 
an  intersection  is  hazardous  because:  (1)  The  passed 
vehicle  may  obstruct  the  view  of  the  cross  road  to  the 
right;  (2)  the  passed  vehicle  may  turn  left  in  front  of 
the  passing  vehicle;  and  (3)  the  driver  of  a  passing  ve- 
hicle may  hnd  it  difficult  to  observe  crossing  and  turning 
traffic  at  the  same  time  that  he  is  required  to  watch 
traffic  ahead.  Two-  and  three-lane  roads,  therefore, 
should  be  striped  to  restrict  passing  for  some  distance 
each  side  of  an  intersection.  Once  beyond  an  inter- 
section, there  is  no  further  need  to  restrict  passing  if 
sight  distance  and  traffic  conditions  permit  passing. 
The  stripe,  therefore,  should  restrict  vehicles  approach- 
ing the  intersection  from  passing  and  not  restrict  pass- 
ing beyond  the  intersection. 

When  one  road  at  an  intersection  is  a  preference  road 
and  traffic  on  the  nonpreference  road  is  required  to  stop 
at  the  intersection  the  use  of  restrictive  striping  on  the 
preference  road  is  open  to  serious  question.  There  is 
some  hazard  in  the  possibility  of  a  left-turning  vehicle 
cutting  in  front  of  a  passing  vehicle  but  the  hazard  due 
to  possible  restriction  of  sight  caused  by  the  passed 
vehicle  is  nil.  It  appears  to  be  inadvisable,  therefore, 
to  restrict  the  free  movement  of  traffic  on  the  preference 
road  by  the  use  of  no-passing  marking  if  not  required 
otherwise. 

Normally  the  driver  of  a  passing  vehicle  should  re- 
turn to  the  right  lane  before  reaching  the  beginning  of  a 
restrictive  stripe.  The  length  of  restrictive  stripe  at  the 
approach  to  an  intersection  is,  theoretically,  zero.  The 
restrictive  stripe  should,  however,  be  visible  for  some 
distance  so  an  arbitrary  length  is  chosen,  say  100  to 
200  feet.  An  appreciable  length  of  restrictive  stripe 
wUl  also  have  the  desirable  effect  of  encouraging  drivers, 
who  normally  return  to  the  right  lane  some  distance 
past  the  beginning  of  the  stripe,  to  return  to  the  right 
lane  before  reaching  the  intersection. 

At  intersections  where  vehicles  are  stopped  by  a 
traffic  light,  stop  sign,  preference  road  sign  or,  in 'the 
absence  of  such  controls,  by  cross  traffic,  it  is  desirable 
that  vehicles  facing  the  intersection  line  up  on  the  right 
so  that  traffic  is  free  to  move  in  both  directions  when 
permitted.  The  restrictive  stripe  encourages  vehicles 
to  ker^p  to  the  right  under  such  circumstances  and  its 


length  may  be  determined  by  the  probable  number  of 
vehicles  which  will  be  thus  lined  up,  allowing  about 
20  feet  for  each  passenger  vehicle. 

A  restrictive  stripe  on  a  three-lane  road  approaching 
an  intersection  normally  should  be  located  on  the  nght 
lane  line  in  the  same  manner  as  at  a  location  with  short 
sight  distance.  This  marking  serves  to  line  up  vehicles 
approaching  the  intersection  and  permits  passing  by 
vehicles  leavmg  the  intersection.  If  vehicles  are  likely 
to  be  stopped,  however,  it  may  be  desirable  to  locate 
the  restrictive  stripe  on  the  center  line  of  the  pavement. 
If  stopping  is  effected  by  continuous  traffic  light  control 
it  may  be  desirable  to  use  only  normal  lane  stripes  and 
omit  restrictive  stripes  altogether.  Passing  may  be 
accomplished  when  the  light  is  green  if  sight  distance 
and  traffic  conditions  along  the  road  are  favorable  and 
two  lanes  in  each  direction  may  be  used  for  storage 
when  the  light  is  red.  If  traffic  is  evenly  divided  in 
both  directions,  opposing  traffic  in  the  middle  lane  will 
have  to  free  itself  on  the  go  signal.  When  traffic  is 
heavy,  however,  it  generally  is  unbalanced  and  the 
omission  of  restrictive  stripes  may  have  the  desirable 
effect  of  providing  two  lanes  for  storage  and  movement 
in  one  direction.  At  important  intersections  three-lane 
roads  may  be  widened  to  four  lanes  and  a  restrictive 
stripe  placed  at  the  centerline. 

At  intersections  where  there  is  a  considerable  volume 
of  left-turning  traffic  it  may  be  desirable  to  omit  the 
restrictive  stripe  and  mark  the  middle  lane  on  the 
approaches  to  the  intersection  for  the  exclusive  use  of 
left-turning  vehicles. 

Traffic  should  be  restricted  from  passing  while 
crossing  a  railroad  at  grade.  While  there  is  no  left- 
turning  traffic  the  passed  vehicle  may  obstruct  the 
view  of  the  signal  and  the  track  to  the  right.  A  re- 
strictive stripe  also  has  the  desirable  effect  of  lining  up 
vehicles  in  the  right  lane  when  the  crossing  is  closed  so 
that  traffic  is  free  to  move  in  both  directions  when  the 
crossing  is  clear. 

At  places  where  the  number  of  traffic  lanes  change,  as 
where  a  two-lane  road  changes  to  a  three-  or  four-lane 
road,  traffic  should  be  informed  of  the  change  by 
appropriate  signs  and  marking  in  both  directions  to 
encourage  traffic  to  keep  in  its  proper  lane  or  lanes. 

The  Special  Committee  on  Administrative  Design 
Policies  has  prepared  a  statement  entitled  "A  Policy 
on  Criteria  for  Marking  and  Signing  No-Passing  Zones 
on  Two-  and  Three-Lane  Roads"  from  which  the  preced- 
ing discussion  is  largely  taken.  The  approved  con- 
clusions are  given  at  the  end  of  this  report. 

RESTRICTIVE  STRIPES  SHOULD  VARY  IN  COLOR,  TYPE, 
AND  WIDTH 

The  committees  which  jointly  undertook  to  establish 
a  standard  system  for  the  details  of  marking  and  signing 
no-passing  zones  took  the  following  basic  principles 
into  consideration: 

1.  The  no-passing  marking  should  be  easily  under- 
standable. 

2.  It  should  be  economical  to  place. 

3.  It  should  conflict  as  little  as  possible  with  existing 
practice  in  road  striping. 

4.  The  stripe  itself  should  be  the  same  for  two-  and 
three-lane  roads,  regardless  of  its  position  on  the  pave- 
ment. 

There  was  general  agreement  that  the  essential 
element  should  be  a  conspicuous  and  distinctive  "re- 
strictive" or  "barrier"  line  placed  along  the  right  side 
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of  the  centerline.  This  line  could  be  made  distinctive 
and  conspicuous  in  any  one  of  the  three  details  of  color, 
type,  and  width,  or  by  combinations  of  them.  It  is 
evident  that  the  starting  point  for  the  distinctive  line 
is  the  normal  stripe,  the  three  details  of  which  must  be 
known.  By  analysis  of  existing  practice  a  normal 
stripe,  either  black  or  white  in  color,  continuous  or 
broken  in  type,  and  about  4  inches  in  width,  appears 
to  be  the  best  compromise. 

To  be  distinctive  the  barrier  stripe  should  differ 
from  the  normal  stripe  in  at  least  one  or  two,  and 
preferably  all  three,  of  the  color,  type,  and  width  de- 
tails. The  color  difference  itself  appears  to  be  the  least 
effective  distinction,  but  certainly  desirable,  and,  in 
some  instances,  necessary.  With  regard  to  type  dif- 
ference the  barrier  line  should  invariably  be  a  solid  line. 
Where  the  normal  center  line  is  a  broken  line,  a  solid 
auxiliary  line  will  stand  out  conspicuously,  whereas  re- 
versed types  would  seem  definitely  weak.  If  both  lines 
are  solid,  either  color  or  width  variations  must  be 
included  and  preferably  both  should  be  used. 

It  is  quite  generally  agreed  that  for  the  normal 
centerline  a  broken  line,  which  permits  a  50  percent 
saving  in  paint,  is  about  as  effective  as  a  continuous 
line.  Recent  developments  indicate  that  equipment 
can  be  perfected  to  lay  down  either  continuous  or 
broken  lines  exactly  as  desired  once  the  general  de- 
mand for  such  mechanical  performance  is  created. 

In  view  of  the  possible  variations  in  color  and  type 
of  stripe,  considerable  attention  should  be  given  to  the 
width  of  the  barrier  line.  It  should  be  at  least  4  inches 
wide,  never  narrower  than  the  normal  stripe  and  pref- 
erably at  least  6  inches  wide.  The  barrier  line  should 
be  separated'  from  '"the  ;  normal  stripe  rather  than  im- 
mediately adjacent  to  it. 

The  use  of  shoulder  signs  provides  warning  when 
conditions  such  as  snow  or  dirt  on  the  pavement  are 
such  as  to  make  the  marking  insufficiently  visible. 
Equally  important,  they  help  make  clear  the  meaning 
of  the  pavement  striping.  Standard  signs  ("no-passing" 
and  "end  no-passing  zone")  are  preferable  to  more  ex- 
planatory signs,  but  signs  at  every  no-passing  zone  are 
an  unnecessary  and  unwarranted  expense.  Their  use 
is  optional. 

On  two-lane  roads  the  no-passing  marking  should 
be  placed  along  the  centerline.  On  three-lane  roads 
exactly  the  same  type  of  barrier  stripe  can  be  used, 
placed  so  as  to  prevent  use  of  the  middle  lanes  by  any 
vehicle  having  a  restricted  sight  distance.  On  three- 
lane  roads  the  no-passing  marking  should  permit 
two-lane  operation  of  traffic  in  one  direction  only  (and 
one-lane  operation  in  the  other  direction)  after  it  has 
passed  beyond  the  point  of  restricted  sight  distance. 

With  these  considerations  a  subcommittee  repre- 
senting the.  Committees  on  Maintenance  and  on  Traffic 
Control  and  Safety  prepared  a  report '  from  which  the 
preceding  discussion  regarding  the  details  of  marking 
and  signing  are  largely  taken  and  recommended 
standards  for  marking  and  signing  no-passing  zones 
as  given  at  the  end  of  this  report. 

The  recommendations  submitted  by  the  three  com- 
mittees together  comprise  complete  standards  for 
determining,  locating,  and  marking  no-passing  zones 
on  two-  and  three-lane  highways.  They  have  been 
recommended   to   the  American   Association   of  State 

i  The  Marking  of  No-Passing  Zones  on  Highways,  by  E.  W.  James,  Papers  and 
Discussions,  Convention  Oroup  Meetings,  American  Association  of  State  Hlghwav 
Officials,  193S. 


Centerline  Stripe  and  Directional  Stripe  to  Restrict 
Traffic  Approaching  the  Curve.  The  Marking  Would 
Be  More  Effective  Were  the  Centerline  Stripe  Broken 
Instead  of  Solid  or  Different  in  Width  or  Colok. 

Highway  Officials  for  adoption,  and  at  present  are 
being  considered  by  the  association  members.  For- 
tunately pavement  markings  rarely  are  permanent  in 
character  so  that  little  expense  is  involved  in  changing 
to  any  standard  system,  once  adopted,  in  a  compar- 
atively short  time,  possibly  in  the  course  of  a  single 
year.  It  will,  of  course,  be  necessary  to  educate 
drivers  as  to  the  meaning  of  the  directional  system  of 
marking,  but  once  they  understand  the  principles  upon 
which  it  is  based  they  may  be  expected  to  adapt 
themselves  rather  easily  to  any  minor  interstate 
differences  that  may  arise. 

Following  are  the  approved  conclusions  of  the  com- 
mittees: 

A  POLICY  ON  CRITERIA  FOR  MARKING  AND 

SIGNING  NO-PASSING  ZONES  ON  TWO-  AND 

THREE-LANE  ROADS 

A  no-passing  zone  for  the  purpose  of  marking  two- 
and  three-lane  pavements  shall  be  one  in  which  the 
sight  distance  ahead  is  less  than  500,  600,  800,  1,000, 
and  1,200  feet  for  assumed  design  speeds  of  30,  40,  50, 
GO,  and  70  miles  per  hour,  respectively. 

No-passing  zones  shall  be  determined  and  indicated 
separately  for  traffic  in  each  direction.  No-passing 
zones  for  traffic  in  opposite  directions  may  overlap  or 
there  may  be  a  gap  between  their  ends. 

Sight  distances  shall  be  measured  between  eye  and 
top  of  vehicle,  both  4.5  feet  above  the  pavement  surface. 

The  system  of  marking  pavements  of  two-  and  three- 
lane  roads  shall  restrict  passing  within  the  limits  of 
no-passing  zones  and  shall  differentiate  between  traffic 
in  opposing  directions  so  that  traffic  in  each  direction 
will  not  be  restricted  from  passing  when  the  road  opens 
up  to  view. 

The  system  of  marking  pavements  of  three-lane 
roads  shall  restrict  traffic  in  each  direction  to  the  right 
lane  within  the  limits  of  a  no-passing  zone.  Diagonal 
striping  across  the  middle  lane  shall  be  provided  ap- 
proaching the  beginning  of  a  no-passing  zone.  The 
diagonal  striping  shall  indicate  that  it  must  not  be 
crossed  by  traffic  approaching  the  no-passing  zone  but 
may  be  crossed  by  traffic  in  the  opposing  direction. 

Intersecting  roads  for  some  distance  from  the  inter- 
section should  be  considered  no-passing  zones  for 
traffic  approaching  the  intersection.  Where  one  road 
is  a  preference  road  the  nonpreference  road  only  may 
be  considered  a  no-passing  zone. 
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TWO  TYPES  OF  DfRECTIONAL  MARKING  CONFORMING  WITH  RECOMMENOED  STANDARDS 
Types  of   Pavement  Markings  for  No-Passing  Zones  Over  Hill  Crests  on  2-Lane  Roads. 


No-passing  zones  at-  intersections  may  be  marked  in 
the  same  manner  as  other  no-passing  zones  except  that 
three-lane  roads  with  stop  control  should  have  the  re- 
strictive stripe  on  the  centerline  instead  of  on  the 
right  lane  line  and  where  stop  control  on  three-lane 
roads  is  effected  by  traffic  lights  restrictive  stripes  may 
be  omitted. 

The   system    of   marking   pavements    for   no-passing 


zones  is  primarily  intended  to  be  used  for  restricted 
vertical  sight  distance  or  a  combination  of  restricted 
vertical  and  horizontal  sight  distance.  The  restriction 
in  horizontal  sight  distance  alone  usually  is  obvious 
while  the  impairment  of  vertical  sight  distance  on 
tangents  generally  is  not  realized  by  the  average 
motorist. 

(Continued  on  p.  202) 


A  SIMPLE  ACCUMULATING-TYPE 
TRAFFIC  COUNTER 

BY  THE  DIVISION  OF  HIGHWAY  TRANSPORT,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  O.  K.  NORMANN,  Associate  Highway  Economist 


A  TRAFFIC  COUNTER  consisting  of  a  dollar 
watch,  a  lever  arm,  a  diaphragm  and  a  rubber 
tubeisthenewest  and  simplest  addition  to  the  grow- 
ing family  of  traffic  counters.  Previous  articles  have 
described  two  types  of  automatic  traffic  counters,  one 
of  the  recording  type  and  one  of  the  simple  accumu- 
lating or  nonrecording  type.1  Each  type  has  its  own 
field  of  use  in  obtaining  data  on  highway  traffic  volume 
needed  in  planning  future  highway  improvements.  In 
the  highway  planning  surveys  now  being  conducted  by 
46  States  in  cooperation  with  the  Public  Roads  Admin- 
istration, more  than  500  recording-type  counters  and 
over  200  nonrecording-type  counters  are  in  use. 

In  general  the  recording  counters  are  used  to  obtain 
long-time  records  at  fixed  locations.  The  most  im- 
portant function  of  these  counters,  aside  from  pro- 
viding a  continuous  record  of  traffic  flow  past  that 
particular  point,  is  to  furnish  data  to  serve  as  a  basis 
for  establishing  fundamental  traffic  trends  and  deter- 
mining normal  traffic  patterns.  These  data  provide  a 
valuable  basis  for  deriving  and  checking  factors  for 
expanding  short  counts  of  traffic  made  at  numerous 
locations. 

Simple  accumulating-type  traffic  counters  are  useful 
in  taking  a  relatively  few  counts  properly  distributed 
as  to  time  and  location.  These  short  counts  are  then 
expanded  by  applying  appropriate  factors,  thus  pro- 
viding a  measure  of  the  increases  or  decreases  of  the 
total  traffic  volume.  It  is  essential  that  such  counters  be 
inexpensive  and  easily  portable.  Other  requirements  are 
simplicity,  ruggedness,  ease  of  installation,  and  ability 
to  make  an  accurate  count  of  vehicles  traveling  at  high 
speeds. 

The  new  counter  consists  essentially  of  a  watch 
mounted  over  a  rubber  diaphragm  which  is  connected 
to  a  rubber  tube  stretched  across  the  highway.  The  air 
impulse  generated  by  the  wheels  of  a  vehicle  passing 
over  the  rubber  tube  is  transmitted  to  the  diaphragm, 
causing  it  to  rise.  This  actuates  a  lever  arm  which 
moves  the  escapement  arm  of  the  watch.  The  front 
and  rear  wheels  of  a  passing  vehicle  each  cause  a 
separate  air  impulse;  thus  each  two-axle  vehicle  moves 
the  escapement  arm  twice.  In  the  type  of  inexpensive 
watch  used,  two  cycles  of  the  escapement  arm  are 
required  to  move  the  second  hand  of  the  watch  forward 
one  second. 

OPERATION  OF  COUNTER  DESCRIBED  IN  DETAIL 

Figure  1  shows  the  various  parts  of  the  counter, 
consisting  of:  A  metal  cap,  which  fits  over  the  watch 
and  screws  onto  the  base;  a  watch,  which  is  mounted 
on  a  heavy  metal  base  containing  the  rubber  diaphragm ; 
a  hollow  stem,  which  screws  into  the  base  and  over 
which  the  rubber  tube  fits;  and  a  section  of  rubber 
tubing.  Figure  2  shows  two  views  of  the  assembled 
counter  ready  for  use.  The  stem  can  be  screwed  into 
the  center  of  the  base,  as  shown  at  the  right  in  figure  2, 

1  An  Automatic  Recorder  for  Counting  Highway  Traffic,  by  R.  E.  Craig.  PUBLIC 
ROADS,  vol.  19,  no.  3,  Mav  1938. 

A  Simple  Portable  Automatic  Traffic  Counter,  bv  R.  E.  Craig  and  8.  E.  Reymcr. 
PUBLIC  ROADS,  vol.  19,  no.  11,  January  1939. 


or  into  the  side  of  the  base  as  shown  at  the  left.  A 
short  screw,  as  shown  at  the  right  in  figure  2,  is  used  to 
plug  the  hole  not  used  for  the  stem  connection. 


Figure  1. — The  Simple  Accumulating-Type  Traffic  Coun- 
ter. Upper  Left,  the  Cover;  Upper  Right,  the  Counting 
Unit  Mounted  on  Metal  Base;  Center,  the  Stem;  Lower, 
Rubber  Tubing  of  the  Kind  Used. 


Figure  2. — The  Counter  Assembled  and  Ready  for  Use 

Details  of  the  counter  are  shown  in  figure  3.  The 
watch  is  rigidly  mounted  over  a  metal  base.  The  base 
consists  of  a  metal  disk  %  inch  thick  and  2.8  inches  in 
diameter.  A  thin  rubber  diaphram  is  mounted  in  a 
circular  depression  in  the  top  of  the  base.  A  metal 
washer  is  placed  over  the  rubber  diaphram.  Screws 
hold  both  in  place  and,  with  the  aid  of  rubber  gaskets 
above  and  below  the  diaphragm,  make  an  airtight 
connection.  A  small  bakelite  disk  is  cemented  on  top 
of  the  diaphragm  at  its  center. 

Two  holes  have  been  drilled  through  the  base  with  a 
No.  13  drill,  one  passing  vertically  and  one  passing 
radially  and  connecting  with  the  first  hole  at  the  cen- 
ter.    These  holes  are  threaded  to  fit  the  stem  and  the 
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screw  plug.  The  top  edge  of  the  base  is  threaded  to 
fit  threads  on  the  inside  of  the  cap.  Rubber  gaskets 
placed  at  the  threaded  connections  insure  airtightness 
and  watertightness.  A  vertical  hole  made  with  a  No. 
70  drill  runs  from  the  top  of  the  base  down  to  the 
radial  hole  and  serves  to  equalize  the  air  pressure  above 
and  below  the  rubber  diaphragm  without  affecting  its 
normal  operation. 


sectional  elevation 
Figure  3. — Details  op  the  Counter. 

On  the  metal  washer  that  holds  the  rubber  diaphragm 
in  place  is  mounted  a  seat  on  which  the  L-shaped  trig- 
ger arm  pivots.  This  seat  also  holds  an  adjusting 
screw  which  prevents  the  trigger  arm  from  moving  far 
enough  to  injure  the  escapement  arm  of  the  watch.  The 
trigger  arm  has  a  small  loop  on  the  bottom  end,  which 
rests  on  top  of  the  bakelite  disk  on  the  diaphragm.  The 
trigger  arm  extends  vertically  through  a  bole  in  the  re- 
movable back  cover  of  the  watch  and  rests  against  the 
escapement  arm  of  the  watch,  which  is  mounted  above 
the  base  on  three  legs.  Each  of  these  legs  rigidly  con- 
nects the  removable  cover  of  the  watch  with  the  metal 
washer  over  the  diaphragm. 

The  watch,  which  serves  as  the  counting  unit,  is  an 
inexpensive  type  costing  less  than  a  dollar.  It  has  been 
slightly  altered,  as  shown  in  figures  4  and  5,  to  serve  as 
a  simple  counter  instead  of  a  timepiece.  This  has  been 
done  by  cutting  away  a  section  of  the  back  of  the 
watch  containing  the  rear  bearing  for  the  balance 
wheel  and  removing  the  balance  wheel  and  the  hair- 
spring. A  light  wire  spring  has  been  inserted  to  act 
against  the  escapement  arm  of  the  watch.  One  end  of 
the  spring  rests  against  the  case  of  the  watch  and  the 
other  end  is  bent  in  a  U-shape  and  straddles  the  escape- 
ment arm.  The  spring  thus  tends  to  push  the  escape- 
ment arm  toward  the  center  of  the  watch. 

The  trigger  arm  is  adjacent  to  the  inside  edge  of  the 
escapement  arm,  and,  when  an  air  impulse  causes  the 
diaphragm  to  rise,  the  trigger  arm  pushes  the  escape- 
ment arm  away  from  the  center  of  the  watch.  After 
the  impulse,  the  diaphragm  descends  to  its  normal 
position,  the  trigger  arm  pivots  away  from  the  escape- 
ment arm,  and  the  light  spring  pushes  the  escapement 
arm  toward  the  center  of  the  watch,  thus  completing 
one  cycle  and  permitting  the  second  hand  of  the  watch 
to  move  ahead.  The  watch  must  be  wound  for  use  but 
there  is  no  movement  of  the  parts  except  as  permitted 
by  the  trigger  arm. 

In  the  type  of  watch  used  two  cycles  of  the  escape- 
ment arm  are  required  to  move  the  second  hand  ahead 
one  second.     Each  two-axle  vehicle  is  therefore  counted 


TRIGGER  ARM 


ESCAPCMENT  ARM 


SPRING 


Figure  4. — Alterations  on  the  Back  of  the  Watch  That 
Convert  It  Into  a  Simple  Counting  Mechanism. 


Figure  5. — The  Counter,  Showing  Mounting  of  the  Re- 
movable Rear  Cover  of  the  Watch  and  the  Altered 
Watch. 

as  one  vehicle.  Were  the  counter  used  on  roads  carry- 
ing appreciable  numbers  of  three-axle  vehicles,  the 
count  registered  would  be  excessive  since  two  three- 
axle  vehicles  would  be  counted  as  three  vehicles.  In 
such  instances  it  would  be  necessary  to  estimate  the 
percentage  of  three-axle  (or  four-axle)  vehicles  in  the 
total  traffic  and  adjust  the  count  accordingly. 

In  making  a  traffic  count  with  this  counter  an  initial 
reading  of  the  watch  is  made  at  the  start  of  the  counting 
period  and  a  final  reading  is  made  at  the  end  of  the 
period,  recording  the  hours,  minutes,  and  seconds  at 
each  time.  The  number  of  seconds  indicated  by  the 
difference  between  the  two  readings  represents  the 
number  of  two-axle  vehicles  passing  that  point  during 
the  period.  Since  each  minute  indicated  on  the  counter 
represents  60  vehicles,  it  is  obvious  that  counts  for 
short  periods,  even  on  heavily  traveled  roads,  would 
not  move  the  hands  forward  by  more  than  an  hour  or 
two.  A  complete  revolution  of  the  hour  hand,  12  hours, 
would  indicate  passage  of  43,200  two-axle  vehicles. 
Since  the  type  of  watch  used  will  run  more  than  24 
hours  on  one  winding,  more  than' 86,000  vehicles  could 
be  counted  before  the  counter  would  require  attention. 
If  the  hour  hand  has  made  a  complete  revolution  during 
a  counting  period,  that  fact  will  be  revealed  by  the 
amount  of  winding  necessary  to  rewind  the  watch. 

COUNTER  QUICKLY  AND  EASILY  INSTALLED 

The  new  counter  has  many  advantages.  Since  no 
type  of  electrical  apparatus  is  involved  in  its  operation, 
there  is  no  need  for  a  connection  with  a  power  line  or 

(Continued  on  p.  203) 


ACCELERATED  SETTLEMENT  OF 
EMBANKMENTS  BY  BLASTING 


REPORT  ON  WORK  IN  WASHINGTON 

Reported  by  A.  W.  PARSONS,  Senior  Engineering  Aide,  District  1,  Public  Roads  Administration 


BLASTING  has  been  used  as  a  means  of  accelerating 
fill  settlement  in  a  number  of  States  during  recent 
years.  By  both  displacing  and  liquefying  unstable 
materials  under  and  adjacent  to  fills,  blasting  enables 
stable  fill  materials  to  be  placed  upon  firm  strata  under- 
lying peat  bogs  and  muck  beds. 

Blasting  was  recently  resorted  to  in  effecting  fill  set- 
tlement on  sections  of  Washington  Primary  State 
Highway  No.  9  between  Quilcene  and  Sequim. 

Traffic  is  fairly  heavy  on  this  highway,  especially 
during  the  summer  tourist  season.  Glacial  drift  con- 
stitutes the  surface  material  of  the  region  traversed  by 
the  highway.  The  terrain  is  rolling,  with  many  glacial 
marshes  and  lakes  in  the  depressions,  and  the  highway 
crosses  several  of  these  marshes  in  order  to  preserve 
minimum  curvature  in  alinement. 

The  swamps  probably  originated  through  sedimenta- 
tion of  lakes  and  ponds  with  detritus  from  surrounding- 
areas.  Silts  and  clays  deposited  during  floods  covered 
the  vegetable  matter  collected  in  the  depressions,  with 
the  formation  of  peat  as  the  result  of  incomplete  oxida- 
tion of  the  organic  matter  under  water.  Thus  the 
swamps  have  been  built  up  gradually  with  alternate 
layers  of  peat  and  silt  or  clay. 

First  construction  financed  in  part  with  Federal  funds 
on  the  section  of  highway  (Washington  Federal-aid 
project  No.  136-B)  consisted  of  6.53  miles  of  grading  to 
a  width  of  28  feet.  The  contract  for  this  project  was 
awarded  in  April  1927,  and  the  work  was  carried  on 
during  the  construction  seasons  of  1927  and  1928.  Con- 
siderable difficulty  was  encountered  in  constructing  the 
embankments  across  the  marshes,  and  it  became  imme- 
diately apparent  that  the  quantities  originally  estimated 
would  fall  far  short  of  actual  needs  because  of  extreme 
subsidence  of  the  fills. 

Conditions  at  that  time  were  most  critical  between 
stations  125  and  140.  There  the  highway  crossed  what 
appeared  to  have  been  formerly  an  arm  of  Lake  Leland, 
now  filled  to  a  depth  of  35  to  50  feet  with  soft  blue  clay 
and  peat.  Preliminary  soundings  had  been  made  at  a 
stream  crossing  near  station  130,  but  subsurface  explor- 
ations were  not  made  through  the  entire  section  as  the 
surface  appeared  sufficiently  dry  and  stable  to  support 
adequately  the  proposed  low  fill. 

The  available  funds  were  exhausted  without  complet- 
ing the  embankment  between  stations  126  and  139  under 
the  original  contract.  A  second  contract  was  therefore 
awarded  in  May  1929,  for  construction  of  the  remaining 
portion  of  the  fill  and  for  crushed  stone  surfacing  of  the 
entire  project.  A  limited  amount  of  blasting  was  done 
to  obtain  settlement  of  the  fill  through  the  swamp,  and 
at  the  time  of  completion  (November  1929)  it  was 
believed  that  the  embankment  had  been  permanently 
stabilized. 

Further  settlement  occurred,  however,  and  addi- 
tional work  was  done  by  State  maintenance  forces  from 


time  to  time,  including  some  underfill  blasting.  The 
roadbed  between  stations  126  and  139  now  appears  to 
be  quite  stable  and  further  blasting  is  not  considered 
necessary. 

Between  stations  227  to  240  and  stations  248  to  265, 
subsidence  of  the  embankment  during  original  con- 
struction was  so  slow  that  it  was  believed  that  the 
swamp  was  shallow  and  that  the  roadbed  would  soon 
become  stabilized.  During  the  time  since  the  original 
construction  was  completed  the  fills  have  continued  to 
settle  slowly,  resulting  in  impaired  riding  qualities  of 
the  surface  and  high  maintenance  costs.  It  was  on 
these  two  sections,  therefore,  that  blasting  was  done  to 
settle  the  fills  to  solid  bottom.  Figure  1  shows  the 
road  before  the  new  work  was  begun. 

A  contract  was  awarded  in  September  1938  for 
regrading  5.821  miles  of  the  original  project  (stations 
29  to  337)  to  a  width  of  28  feet,  for  reinforcing  the  sub- 
grade  with  selected  gravel,  and  for  placing  crushed 
stone  surfacing  20  feet  wide.  No  changes  in  alinement 
were  contemplated,  but  several  revisions  in  grade  were 
made  through  low  sections  where  seasonal  floods  had 
covered  the  existing  road.  Accelerated  settlement  of 
the  existing  fill  and  new  embankment  material  to  be 
placed  between  stations  227  to  240  and  stations  248  to 
265  were  provided  for  in  the  contract,  the  estimated 
cost  being  $10,000. 

UNDERFILL  BLASTING  SELECTED  AS  BEST  METHOD  OF 
STABILIZING  FILL 

Assumptions  made  in  designing  the  reconstruction  of 
the  embankments  through  the  swamp  areas  were  based 
upon  preliminary  soundings  and  results  of  laboratory 
tests  on  the  varioiis  materials  encountered.  Soundings 
indicated  that  the  existing  fill  extended  some  8  to  10 
feet  below  the  swamp  surface,  and  that  the  depth  from 
the  swamp  surface  to  solid  bottom  ranged  from  15  to 
28  feet.  The  existing  fill  was  therefore  floating  on  a 
layer  of  swamp  muck  and  peat  averaging  about  10 
feet  thick. 

Profiles  of  the  solid  swamp  bottom,  the  surface  of  the 
old  road,  and  the  new  road  surface,  are  shown  in  figure 
2.  A  cross  section  showing  the  old  and  new  road  sur- 
faces and  the  holes  for  mat  and  underfill  blasting  are 
shown  in  figure  3. 

Samples  of  the  swamp  material  taken  from  borings 
were  tested  in  the  laboratory.  Table  1  shows  the 
results  of  these  tests. 

The  swamp  material  was  principally  peat  mixed  with 
brown  silty  clay  near  the  surface.  Solid  bottom 
consisted  of  firm  blue  clay.  The  swamp  material  was 
classified  as  group  A-8.  As  shown  in  table  1,  consoli- 
dation of  the  swamp  material  could  be  expected  to 
continue  for  a  long  time  if  left  under  the  fill.  The  cost 
of  displacing  the  peat  with  suitable  fill  material  was 
therefore  considered  justified. 
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Table   1. — Results  of  consolidation  tests  on  swamp  material 

SAMPLE   1  i 


Le 

boratory  tests 

Probable  field  results 

Time 

Consolidation 

Time 

( lonsoli- 
dation 

Minutes 

Inches 

Percent 

Years 

Inches  ' 

0.5 

0.0162 

24 

0.13 

2.9 

1.0 

.0220 

33 

.25 

4.0 

1.5 

.0265 

40 

.39 

4.8 

2.0 

.0300 

45 

.50 

5.5 

3.0 

.  0354 

53 

.76 

6.5 

5.0 

.0420 

63 

1.26 

7.7 

7.0 

.0463 

70 

1.76 

8.4 

10.0 

.0503 

76 

2.52 

9.2 

15.0 

.0544 

82 

3.78 

9.9 

20.0 

.0572 

86 

5.04 

10.4 

30.  i  > 

.0604 

91 

7.56 

11.0 

45.0 

.0634 

96 

11.34 

11.6 

CO.  0 

.06G3 

100 

15.12 

12.  1 

SAMPLES  2A  AND  2B  3  (AVERAGE) 


0.5 

0.0082 

1-1 

0.29 

2.3 

1.0 

.0114 

19 

.58 

3.2 

1.5 

.0138 

23 

.87 

3.8 

2.0 

.0159 

27 

1.  17 

4.4 

3.0 

.0195 

33 

1.75 

5.4 

5.0 

.0252 

43 

2.92 

7.0 

10.0 

.0348 

59 

5.83 

9.6 

15.0 

.0408 

69 

8.75 

11.3 

20.0 

.0448 

76 

11.66 

12.4 

30.0 

.0509 

86 

17.49 

14.0 

45.0 

.0558 

94 

26.24 

15.4 

60.0 

.0593 

10U 

34.98 

16.4 

i  Taken  at  station  257+00. 

»  Per  total  depth  of  peat  stratum. 

»  Taken  at  station  229+00. 

Roadside  pits  at  station  220  and  between  stations  241 
and  248  were  selected  as  sources  of  borrow  material  for 
the  fill.  Laboratory  tests  on  samples  of  material  from 
these  pits  showed  the  material  to  be  not  well  suited  to 
the  intended  use.  The  top  12  feet  of  material  from 
each  pit  consisted  of  brown  cloddy  soil.  The  material 
below  consisted  of  a  gray  shale,  very  hard  in  its  original 
position  but  slaking  readily  in  water.  These  soils  were 
found  to  have  the  composition  and  characteristics  given 
in  table  2. 

Figure  4  shows  materials  representative  of  those 
obtained  from  the  upper  and  lower  portions  of  the  pit. 


Table  2. — Composition     and     characteristics 
borrow  pits 


of     materials     in 


Material 

in  top  12 

feet 


Coarse  sand    percent 

Fine  sand do.. 

Silt _do__ 

Clay do.. 

Liquid  limit 

Plasticity  Index ..  

Field  moisture  equivalent 

Shrinkage  limit 

Centrifuge  moisture  equivalent 

Classification __ 


Material 

below  top  12 

feet 


3 
11 
59 
27 
36 
15 
23 
10 
15 
A-4 


The  characteristics  of  the  materials  listed  in  table  2 
are  indicative  of  a  silty  clay  soil  without  coarse  material, 
possessing  moderate  cohesion  and  having  no  appreci- 
able elasticity  but  important  capillary  properties  with 
resulting  tendency  to  frost-heave.  The  pit  material  is 
hard  in  its  original  position  and  breaks  into  fairly  large 
pieces,  but  its  proneness  to  slake  indicates  that  it  would 
lose  stability  in  embankments  under  extreme  moisture 
conditions. 

This  material  was  not  considered  particularly  suitable 
for  use  as  fill  material  to  displace  the  peat;  but  observa- 


tions of  the  same  material  used  in  roadway  fills  indicated 
that  it  might  give  satisfactory  results.  Since  suitable 
ledge  rock  or  gravel  was  not  available  within  reasonable 
hauling  distance,  it  was  decided  to  use  this  pit  material. 

In  order  to  cut  off  capillarity  and  decrease  the 
possibility  of  damage  to  the  surface  from  frost-heave, 
a  gravel  ballast  course  was  placed  on  top  of  the  clay 
subgrade,  the  surfacing  materials  being  placed  on  this 
base. 

Various  methods  of  stabilizing  highway  embankments 
were  considered  by  the  State  before  it  selected  the  under- 
fill blasting  method  as  the  one  best  suited  to  the  con- 
ditions. The  practicability  of  using  vertical  sand  drains 
to  remove  water  from  the  underlying  mud  was  investi- 
gated and  rejected  because  the  water  level  of  the  swamp 
often  rises  above  the  existing  road  during  the  winter 
months. 

SWAMP  MAT  BLASTED  TO  CREATE  RELIEF  DITCHES  ALONGSIDE 
THE  ROAD 

It  was  believed  preferable  to  include  the  settlement 
of  the  embankments  as  a  force  account  item  in  the 
contract  rather  than  attempt  to  specify  too  closel.y 
the  procedure  to  be  followed.  The  number  of  holes  to 
be  drilled  through  the  existing  embankment  and  the 
amount  of  powder  required  could  not  be  accurately 
determined  in  advance.  Also,  by  using  the  force 
account  method  the  procedure  could  be  changed  readily 
as  required  by  any  unforeseen  conditions  encountered 
during  construction. 

The  fill  settlement  work  was  begun  at  the  north  end 
of  the  swamp  (station  226)  and  was  carried  forward 
progressively  toward  the  south  end.  The  first  opera- 
tion consisted  of  blasting  the  swamp  mat  on  each  side 
of  the  existing  road  from  the  toe  of  the  slope  out 
approximately  25  feet.  The  purpose  of  this  blasting 
was  to  break  up  the  top  mat  of  clay  and  fibrous  swamp 
material,  and  to  liquefy  the  underlying  peat  and 
muck,  thus  decreasing  the  side  support  and  promoting 
lateral  displacement  of  the  material  under  the  fill. 

Experimental  blasting  was  done  to  determine  what 
method  of  loading  and  quantity  of  explosives  would 
most  economically  produce  the  desired  results.  Shots 
were  placed  in  three  rows  spaced  12  feet  apart,  the 
rows  being  parallel  to  the  center  line  of  the  road  and 
the  inside  row  being  about  4  feet  out  from  the  toe  of 
the  slope.  Charges  were  spaced  18  inches  apart  in 
the  rows,  and  at  intervals  of  25  feet  lateral  rows  con- 
nected the  parallel  rows.  Each  charge  consisted  of 
five  1%-  by  8-inch  sticks  of  dynamite,  placed  end  to 
end.  The  two  end  sticks  and  middle  stick  in  each 
hole  were  40-percent  gelatin  dynamite,  the  other  two 
sticks  being  50-percent  straight  nitroglycerin  dynamite. 
The  charges  extended  from  a  foot  below  the  surface 
down  to  a  depth  of  from  4  to  6  feet. 

The  mat  was  shot  in  sections  from  100  to  200  feet 
long.  Since  the  charges  were  detonated,  by  propagation, 
only  one  blasting  cap  was  needed  in  firing  each  section. 

Results  obtained  by  this  method  of  blasting  showed 
that,  although  the  mat  was  well  broken,  most  of  the 
material  was  lifted  vertically  and  fell  back  into  its 
original  position  without  creating  the  desired  relief 
ditches  along  the  sides  of  the  fill.  This  was  remedied 
by  eliminating  the  lateral  rows  between  the  inside  and 
center  rows  of  holes,  thus  isolating  the  inside  row  and 
cutting  off  propagation  to  it  from  the  outer  rows. 

An  instantaneous  electric  blasting  cap  was  then  used 
to  detonate  the  center  and  outside  rows  of  charges,  and 
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Fiutjre  1. — Existing  Road  Prior  to  Reconstruction.     Picture  Taken  at  Station  235,  Showing  Cracks  Caused  by  Un- 
stable Subgrade. 
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Figure  2. — Profiles  of  the  Old  Road,  the  New  Road,  and  Solid  Swamp  Bottom. 
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Figure  3. — Cross  Sections  of  the  Old  Road  and  of  the  New  Road,  Showing  the  Transverse  Position  and  Depth  ok 

Charges  for  Swamp  Mat  and  Underfill  Blasting. 


a  first  delay  cap  was  used  for  the  inside  row.  The 
two  caps  were  connected  in  series  and  fired  simul- 
taneously. The  delay  of  approximately  1%  seconds 
between  blasts  had  the  desired  effect  of  throwing  the 
material  out  and  away  from  the  roadway,  leaving  a 
ditch  along  each  side  of  the  embankment  averaging  4 
to  6  feet  deep. 

In  the  softer  portions  of  the  swamp  it  was  found  that 


satisfactory  results  could  be  obtained  by  spacing  the 
rows  of  charges  about  7  feet  apart,  and  using  3  sticks 
of  dynamite  per  hole  with  holes  spaced  2  feet  apart. 
Two  sticks  of  40-percent  gelatin  dynamite  and  one 
stick  of  50-percent  straight  nitroglycerin  dynamite  per 
hole  were  then  used. 

Figure  5  shows  the  punching  and  loading  of  holes  for 
blasting  the  swamp  mat.     Figure  GA  shows  a  blast  in 
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Figure  4. — Fill  Material  Piled  on  Road  Prior  to  Under- 
fill Blasting.  A,  Material  From  Upper  12  Feet  of 
Borrow  Pit:  B,  Material  From  Lower  Part  of  Borrow 
Pit. 


Figure  5. — Punching  and  Loading  Holes  for  Swamp  Mat 
Blasting. 

which  a  delay  cap  was  used  to  fire  the  inside  row  of 
charges,  and  figure  6B  shows  the  relief  ditch  obtained 
using  this  method. 

After  the  crew  engaged  in  blasting  the  swamp  mat 
had  advanced  several  stations,  a  second  crew  began 
the  underfill  blasting.  A  trial  section  was  loaded  by 
driving  2-inch  iron  pipes  under  the  fill  from  the  sides 
and  loading  through  the  pipes.  This  method  was 
abandoned  after  the  first  trial  because  it  was  too 
slow  and  difficult  to  place  the  charges  under  the  fill 
effectively. 


After  charges  had  been  placed  under  a  section  of  road 
but  before  they  were  exploded,  the  new  fill  material  was 
piled  on  the  road,  as  shown  in  figure  4.  This  was  done 
to  increase  the  fill  mass  in  order  to  direct  the  force  of 
the  explosion  outward  to  the  sides,  as  well  as  to  gain 
more  settlement  by  impact  as  the  fill  dropped  into 
place. 


Figure  6. — A,  Blast  in  Which  a  Delay  Cap  Was  Used  to 
Fire  the  Inside  Row  of  Charges.  B,  Relief  Ditch 
Obtained  by  Blasting  the  Swamp  Mat. 

It  was  found  that  the  time  consumed  in  driving  pipes 
under  the  toe  of  the  embankment,  and  in  loading  the 
holes  and  withdrawing  the  pipes  did  not  allow  the 
blasting  crew  to  keep  ahead  of  the  grading  operations. 
A  well-drilling  outfit  was  tried  and  abandoned  as  too 
slow.  Jackhammers  with  special  3-inch  hardpan  bits 
were  finally  adopted.  Water  was  poured  into  the  holes 
during  drilling  and  air  jets  were  used  to  clean  the  holes. 

After  drilling  through  the  compacted  fill  material,  it 
was  frequently  possible  to  air-jet  the  holes  through  the 
underlying  peat  and  muck  to  the  required  depth. 
Loading  was  done  by  inserting  2-inch  iron  pipes  in  the 
drill  holes  and  tamping  the  dynamite  into  place  through 
the  pipes. 

Using  this  equipment  and  procedure,  two  drillers  in 
about  8  hours  could  complete  all  holes  necessary  for 
shooting  a  section  approximately  175  feet  long  (about 
40  holes).  The  holes  averaged  about  15  feet  in  depth, 
and  the  cost  of  drilling  was  approximately  3^  cents  per 
foot.  Five  two-man  crews  could  load  the  holes  for  a 
175-foot  section  in  about  6  hours. 

METHODS  USED  PRODUCED  SATISFACTORY  RESULTS 

Holes  were  spaced  24  feet  apart  along  the  center  line 
of  the  existing  road,  and  12  feet  apart  in  rows  11  feet 
on  each  side  of  the  center  line.  Forty-percent  gelatin 
dynamite  was  used  for  all  underfill  shots,  80  to  100 
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O-  SWAMP  MAT  CHARGES  DETONATED  BY    PROPAGATION 
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station  number 
Figure  7. — Locations  of  Charges  for  Blasting  the  Swamp  Mat  and  the  Underfill. 

pounds  per  hole  being  used  in  the  center  row  and  50 
pounds  per  hole  in  the  outside  rows.  The  depth  of  the 
charges  varied  with  the  depth  of  the  swamp.  The  cen- 
ter charges  were  placed  in  the  lower  third  of  the  distance 
from  hard  bottom  to  the  bottom  of  the  existing  fill,  and 
the  side  charges  were  placed  at  about  the  midpoint  of 
this  distance. 

Sections  100  to  200  feet  long  were  blasted  at  one  time, 
the  length  being  dependent  upon  the  time  required  to 
place  the  borrow  material  and  limited  by  the  capacity 
of  the  electric  blasting  machine.  Each  charge  was 
primed  and  caps  were  connected  in  series,  leaving  ade- 
quate lengths  of  wire  between  caps  to  prevent  breakage 
by  uneven  settlement  under  the  weight  of  the  borrow 
material  placed  prior  to  shooting. 

A  loading  diagram  for  the  shooting  of  a  typical  section 
is  shown  in  figure  7.  A  section  of  fill  ready  for  blasting 
is  shown  in  figure  8A,  and  after  blasting  in  figure  SB. 

After  completion  of  the  blasting  operations  described 
above,  additional  shooting  was  done  along  the  edges  of 
the  embankment  for  settlement  of  the  shoulders  where 
such  treatment  appeared  necessary.  Holes  were  drilled 
through  the  embankment  at  the  shoulder  line,  and 
charges  consisting  of  15  to  25  pounds  of  40-percent 
gelatin  dynamite  were  placed  about  15  feet  apart. 

The  average  crew  employed  on  the  mat  blasting  con- 
sisted of  one  powder  man  and  eight  unskilled  laborers. 
On  the  underfill  blasting  this  crew  was  augmented  by 
two  jackhammer  operators.  The  same  crew  worked  on 
both  mat  and  underfill  blasting  except  for  several  days 
at  the  beginning  of  the  work  when  it  was  necessary  to 
use  two  separate  crews  to  prevent  delaying  the  grading 
operations. 

The  following  equipment  was  used  on  the  drilling  and 
blasting  work: 

One  air  compressor  and  accessory  equipment. 
Two  jackhammers  and  special  hardpan  bits. 
Two  iron  punch  bars,  5  feet  long. 
Several  sections  of  J-2-inch  iron  pipe  from  10  to  20 

feet  long,  used  for  air-jetting. 
Several  sections  of  2-inch  iron  pipe  from  14  to  20 

feet  long,  used  as  casings  for  loading  dynamite 

under  the  fill. 


Figure  8. — A,  Old  Road  Loaded  With  Borrow  Material 
Before  Underfill  Blasting;  B,  the  Same  Section  of 
Road  Shown  in  A  After  Blasting.  The  Fill  Mass 
Settled  Approximately  15  Feet.  Note  the  Swamp 
Muck  Pushed  Out  on  Each  Side. 

Miscellaneous  small  tools  such  as  shovels,  picks, 
axes,  pipe  wrenches,  etc. 

Because  the  matted  root  growth  and  clay  overlying 
the  swamp  peat  averaged  about  4  feet  thick,  the  cost  of 
breaking  up  the  mat  on  this  project  was  probably 
greater  than  would  ordinarily  be  expected.  The  total 
area  of  swamp  mat  blasted  was  approximately  14,000 
square  yards.  The  cost  of  mat  blasting  was  $2,353,  or 
a  unit  cost  of  about  16.5  cents  per  square  yard.  Ap- 
proximately one-half  pound  of  dynamite  was  used  per 
square  yard  of  mat,  or  a  total  of  6,700  pounds. 

The  original  volume  of  swamp  material  displaced  by 
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ompleted    Road.     Picture   Shows    About   the 
Same  Section  as  in  Figure  1. 


the  embankment  was  estimated  to  have  been  70,000 
cubic  yards.  The  cost  of  underfill  blasting  was  $7,046. 
About  1 1  pounds  of  explosives  were  required  per  linear 
foot  of  embankment,  or  a  total  of  approximately  34,000 
pounds.  The  total  cost  of  mat  and  underfill  blasting 
was  thus  $9,399,  or  13.4  cents  per  cubic  yard  of  swamp 
material  displaced. 

After  completion  of  the  blasting  operations  and  before 
the  fill  had  been  completed  to  final  grade,  several  heavy 
rainstorms  occurred  causing  considerable  rise  of  the 
water  level.  Between  stations  232  and  235  the  fill 
material  and  adjacent  swamp  muck  softened  to  the 
extent  that  a  major  subsidence  of  the  fill  was  started. 
There  was  a  corresponding  upheaval  of  the  peat  banks 
along  the  sides  of  the  embankment  and  movement  of 
the  swamp  surface  appeared  to  extend  1 00  feet  or  more 
from  the  roadway  on  each  side. 


When  inspected  a  few  months  later,  settlement  of  the 
fill  had  stopped  and  it  had  been  brought  back  up  to 
grade  with  gravel  hauled  from  a  borrow  pit  at  station 
342,  approximately  2  miles  south.  Although  it  ap- 
peared reasonable  to  expect  some  additional  subsidence, 
because  of  the  extremely  fluid  condition  of  the  swamp 
material  through  this  particular  section,  there  has  been 
no  extensive  settlement.  This  may  be  partially  ex- 
plained by  the  improvement  in  drainage  conditions 
along  the  roadway  which  have  allowed  the  swamp  ma- 
terial to  dry  out  and  consolidate,  thus  increasing  the 
support  given  to  the  fill.  Placing  the  gravel  borrow 
over  the  clay  borrow  slopes  seemed  to  trap  the  softer 
material  and  prevent  lateral  flow  which  might  have 
taken  place  had  the  same  clay  type  of  borrow  been  used 
in  raising  the  fill. 

No  appreciable  settlement  has  been  detected  on 
other  sections,  probably  because  the  adjacent  swamp 
muck  was  firmer  rather  than  because  of  any  superiority 
of  fill  material. 

Crushed  stone  surfacing  was  placed  several  months 
after  completion  of  the  embankments.  Figure  9  shows 
the  surfaced  road  through  the  swamp  ready  for  a 
bituminous  treatment. 

The  methods  used  in  swamp  blasting  have  produced 
generally  satisfactory  results.  The  use  of  rock  or 
gravel  as  fill  material  would  have  been  desirable  from 
the  standpoints  of  obtaining  maximum  settlement  dur- 
ing blasting  operations  and  of  insuring  greater  stability 
under  the  adverse  moisture  conditions  existing  on  this 
road.  However,  it  is  questionable  whether  the  con- 
siderable expense  of  hauling  more  suitable  materials  to 
this  project  would  have  been  justified  in  view  of  the 
relatively  large  quantity  of  fill  material  involved. 


(Continued  from  p.  194) 

STANDARDS    FOR    MARKING    AND    SIGNING 
NO-PASSING  ZONES 


No-passing  zones  for  traffic  in  either  direction  on  a 
highway,  as  defined  by  the  Special  Committee  on  Ad- 
ministrative Design  Policies,  shall  be  marked  by  an 
auxiliary  or  barrier  stripe  placed  to  the  right  of  the 
normal  centerline,  i.  e.,  in  the  lane  of  traffic  that  it  is 
to  govern. 

The  barrier  stripe  shall  be  a  solid  yellow  line.  In 
order  that  the  barrier  line  shall  be  distinctive,  the 
normal  centerline  shall  be  either  white  or  black.  It 
may  be  of  solid  or  broken  type. 

The  barrier  line  shall  not  be  narrower  than  the 
normal  centerline,  nor  in  any  case  less  than  4  inches 
wide.     It  should  preferably  be  at  least  6  inches  wide. 

The  barrier  line  shall  be  separated  from  the  normal 


centerline  by  a  distance  equal  to  half  the  width  of  the 
centerline. 

The  combination  no-passing  stripe  shall  be  identical 
as  applied  to  both  two-lane  and  three-lane  roads. 

On  a  two-lane  road  the  no-passing  marking  shall 
separate  the  two  lanes  throughout  the  no-passing  zone. 
On  a  three-lane  road  the  combination  no-passing  stripe 
shall  start  from  the  left-hand  lane-marking  line  and 
extend  at  an  angle  of  not  less  than  20  to  1  across  the  cen- 
ter lane  to  meet  the  right-hand  lane  line  at  the  beginning 
of  the  no-passing  zone,  and  thence  will  extend  along 
the  lane  line  to  the  end  of  the  zone. 

The  same  design  of  no-passing  stripe  shall  be  used 
for  all  types  of  no-passing  restrictions. 

The  use  of  signs  in  addition  to  the  above  specified 
markings  to  designate  no-passing  zones  shall  be  gov- 
erned by  local  legal  requirements  or  otherwise  at  the 
option  of  the  State,  but  when  signs  are  used  they  shall 
conform  to  the  specifications  set  forth  in  the  Manual 
on  Uniform  Traffic  Control  Devices  for  Streets  and 
Highways. 
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(Continued  from  p.  19C) 
batteries.  Consequently,  there  are  no  troubles  from 
power  failures,  short  circuits,  or  the  other  difficulties 
commonly  experienced  in  the  operation  of  electrical 
apparatus.  Nor  is  it  necessary  that  the  watch  used 
be  an  accurate  timepiece.  Almost  any  type  of  watch 
will  prove  satisfactory.  Clocks,  pedometers,  or  spe- 
cially constructed  counting  units  might  also  be  used 
instead  of  a  watch.  The  watch  and  rubber  tube  are 
the  only  parts  of  the  counter  apt  to  wear.  The  most 
delicate  parts  of  the  watch  have  been  removed  and 
the  rest  receive  a  negligible  amount  of  wear  as  com- 
pared to  their  use  in  a  timepiece.  Should  the  watch 
break  down  and  fail  to  operate,  it  can  be  replaced  at 
small  cost.  The  same  type  and  size  of  rubber  tube 
may  be  used  in  connection  with  this  counter  as  is  em- 
ployed in  other  electrical  counters  using  a  rubber  tube 
as  the  detector.1 

The  entire  unit  is  enclosed  in  an  airtight,  watertight 
case  that  is  small  enough  to  be  placed  or  buried  on  the 
shoulder  of  a  highway  without  constituting  a  traffic 
hazard.  The  preferable  means  of  installation,  requir- 
ing only  a  few  minutes,  consists  of  mounting  the 
counter  on  the  back  of  a  guardrail  post  or  special  stake 
beyond  the  shoulder  where  it  will  be  inconspicuous. 
To  prevent  tampering  with  the  counter  when  in  opera- 
tion on  a  highway,  it  could  be  placed  in  a  suitable  box 
having  a  lock,  or  extensions  could  be  built  on  the  top 
and  base  to  enable  both  to  be  padlocked  to  a  fixed 
mounting  such  as  a  guardrail  or  pole. 

The  far  end  of  the  rubber  tube  should  be  sealed  to  pre- 
vent the  entrance  of  moisture  or  dust  and  for  the  proper 
operation  of  the  counting  unit. 

Care  must  be  exercised  in  selecting  the  place  of  in- 
stallation on  the  highway  for  which  a  traffic  count  is 
desired.  Places  where  the  traffic  is  apt  to  stop,  such  as 
near  a  traffic  signal,  or  where  exceptionally  high  speeds 
are  common,  should  be  avoided.  The  best  results  will 
be  obtained  if  the  rubber  tube  is  placed  where  the  sur- 
face is  hard  and  has  a  smooth,  uniform  cross-section. 
On  gravel  or  dirt  roads,  the  installation  should  be  made 
at  culverts,  bridges,  or  other  places  where  the  drainage 
is  good  and  the  surface  smooth.  Places  close  to  inter- 
sections where  vehicles  are  apt  to  pass  over  the  tube  at 
an  angle  should  be  avoided  as  each  wheel  is  apt  to  cause 
a  separate  air  impulse,  resulting  in  excessive  counts. 

Several  counts  have  been  made  to  check  the  accuracy 
of  the  unit.  As  shown  in  table  1 ,  the  traffic  count  indi- 
cated by  the  counter  was  only  0.9  of  1  percent  less  than 
the  traffic  as  revealed  by  a  manual  count  taken  simul- 
taneously on  a  two-lane  highway.  Part  of  the  error  for 
the  individual  5-minute  periods  was  undoubtedly  caused 
by  the  difficulty  of  reading  the  second  hand  accurately 
at  night.  For  the  two  lanes  in  one  direction  on  a  four- 
lane  divided  highway  where  speeds  were  exceptionally 

i  See  footnote  1,  p.  195. 


high,  the  error  was  -3.8  percent  as  shown  by  table  2. 
The  major  portion  of  this  error  was  caused  by  the 
wheels  of  two  vehicles  traveling  in  the  same  direction 
striking  the  rubber  tube  simultaneously  creating  only 
one  air  impulse  for  two  axles  with  the  result  that  only 
one  or  one  and  one-half  counts  were  registered  for  the 
two  vehicles  depending  upon  whether  one  or  both  axles 
of  the  two  vehicles  passed  over  the  tube  at  the  same 
instant.  This,  however,  is  a  fault  common  to  the  other 
types  of  automatic  traffic  recorders. 

Table  1. — Comparison  of  mechanical  and  manual  counts  of  traffic 
to  check  accuracy  of  watch  counter  on  2-lane  highway 


Time  (p.  m.) 

Manual 
count 

Watch 
counter 

Error 

8-45-8:50 

1  'eh  ides 
54 
52 
56 
43 
37 
49 
2S 
47 
40 
28 
38 
45 
35 
56 
03 

Vehicles 
55 

51 
54 
42 
38 

48 
26 
49 
40 
28 
38 
45 
35 
55 

Percent 
+1.9 
—1.9 

8:50-8:55.. 

8:55-0:00..     .. 

-3.6 

9:00-9:05 

-2.3 

9:05-9:10 

+2.7 

9:;0-9:15 

-2  0 

9:15-9:20 

-7.  1 

9:20-9:25 

+  4.3 

9:25-9.30 

9:30-9:35 _.   .         

0 
0 

9:35-9:40 

0 

9:40-9:45... 

0 

9:45-9:50 .. 

0 

950-9:55 

—  1.8 

9:55-10:00... 

61              -3  2 

8:45-10:00 

671 

665 

-0  9 

Table  2. — Comparison  of  mechanical  and  manual  counts  of 
traffic  to  check  accuracy  of  watch  counter  on  J+-lane  divided 
highway — 1-direction  traffic  only 


Time  (p.  m.) 

Manual 
count 

Watch 
counter 

Error 

5:25-5:30.   .     ...   ... 

\  'eh  icles 
37 
90 
18 
34 
33 
33 
42 

^'chicles 
37 
85 
18 
32 
31 
32 
41 

Percent 
0 

6:30-535 

-5.6 

5:35-5:40 

5:40-5:45 

0 
-5.9 

5:45-5:50 .   .    .   . 

-6.1 

6:50-5:55 

-3.0 

8:55-6:00 

-2.4 

5:25-6:00 

2S7 

276 

-3.8 

The  use  of  one  counting  unit  on  each  end  of  the  tube 
with  a  dead  space  of  5  feet  at  the  center  formed  by  plugs 
in  the  rubber  tube  is  recommended  for  obtaining  accu- 
rate counts  on  four-lane  undivided  highways  carrying 
heavy  traffic  volumes. 

As  yet  only  a  few  counters  have  been  made  in  the 
shops  of  the  Administration  for  testing  and  develop- 
ment purposes.  These  models  are  being  thoroughly 
tested.  The  counter  is  not  yet  available  through  com- 
mercial sources,  although  it  is  expected  that  it  will  soon 
be  made  available  at  a  low  price.  Application  for  a 
patent  has  been  made  in  the  name  of  the  author.  The 
application  guarantees  free  use  of  the  invention  by  or  for 
the  Federal  Government. 


204 


PUBLIC  ROADS 


Vol.  20  No.  10 


•Q  \c\  r*-\  tH  ro 
CT\0  l»\J*f  K\ 


o 
t«i 

X 
w 
PQ 

> 

o 

fa 

0 


g£3§ 


O  — -* 
r— cu  r— 
on  —  o 


.-VJD 

o  •-  on 

.*    UNCU1 


ON  ON 

tr\60 


00  KNVO 

knCuvjD 


O  ON^T 

ONr— vjd 
VJD  r—  ON 


OMHIf\ 

u>  eo  r— 

t—  KNCU 


j*  mcr-w^d'  —  cu 


KNJ*   ON 
VJD   KN  — 


vjd  —  r— 


ONKN  O 

ON   W 
05   CO   — 


uno  cu 
co  r—  un 


O  CO  KN 
ONJ*  Is— 
CO  KN 


—  CU   CO 
UN,  ONKN 

.*  co^r 


CO  CU   ON 

—  ir\r- 
co  J-  to 


r—  onvo 

l£N  KMT 

or—-7 


r— vjd  r- 

UN  ONr" 

kn  uncu 


cvi  •-  •-  *-  cu,a- 


U)  —  — 
—  V£>  CO 
KWjDvjd 


ONVJD  J" 
,-  O  — 

O  KN60 


o  r— r- 

CU   KNIT 

o  o  — 


r— vjd 

CVJ  VJD 


60  VD   O"^*  VO 


— -=r  cu 

ONf— VO 


60   OJ 

r— kn 

Jt   60 


i  unj* 
V  — VJD 
,-  <r 


t^i-UHO 


cvj  cy  — 
r— v5 


CO  VO  VO 

q  o  f- 
.*  cu  — 


CJD   ITv  iTiJD 


Jt    —  fOkD 


o  onct 

UNO 


OVJV 


CO   ONCU 
•-   CO 


IS 


oj  r— o^ 
r—  r-voo 

CO   O   —   KN 


60   ON  — 
ONtU   cc 


ON  UN  CVJ 
KNCO   CVJ 

<o  o  k 


UNCU  _ 
OI^VO 
CU  CO  cu 


OW4 

r—  uno- 
uNONr- 


S3! 


t— vr>  to 

KNVJD  »- 


VO  CU  VO 
OVO  O 
CVJ   ,-   ^ 


KV  — •   — 


irvi>  r— o 

K  ONKNVO 

"  vjd  vjd  K 


.         -UNCO 

i  uSr—  w  a  r- 

vCU)  ifv  OVO 


K\J*   CT  ONONK> 


O  o-t^Kvm 

—  60  ON1  —    —   CVJ 

—  KMfS-  r— vjd 


r— —  vjd  —  irv  cr 


kn  co  —  —  unco 


r—  vo  vo 

ON  ON\D 

cu  cu  u> 


VO  KVO 
UN,--  K> 
KN  CO 


UNUNK> 
cu  ON,* 

-  un  — 


ONICNCO 
J*   UNIT 


333 


O  ON  — 

UN  —   IT 
UNVO  K 


O  60 

un  —  r- 

OOV-- 


)vi*  r-i-»j> 
r\Ki  ONUNr- 


^F   ONCT 


ff 


I-— VJDVD   ON*- 

ONo>r—  g*\& 
r— via  cu  cu  r*- 

KNCU  C\J        r- 


KN^t  CTiVJD  icno-v^)  r*- 


o  <-  cu  •-  po 
o  tr\eo  o  cu  o 

ON  CU  K"  jj  VJ0  IT 


co  kvj  *^>  cr 
\r—  unutv     k> 


cu  r-  ■<-  cu  o 


r— j*  r-  ONr-Cid- 


ir\vD  c 

KNONVD 
OVJO  O 


COVJ3   IT 

\o  tr\o 

60  CVJ    - 


OKvn 

CU   CO  IT 


ONf^VD 
•-   ONO 

<^>  knit 


UNQ< 


ono  r- 

O  60    " 


CU  CVJ 


h-ONir.irvi^-vjN 


60  J*  CTO  CVJ  O 


_CVJ   ONS0 

cu  irico  co  iricu  r—cu 

"    KN  CO  VJD 


IfNO 

icni — r- 

CVJ  j*  60 


CO   COVJD 

r-vjD  — 
o  r- 


O  KNK^VJD   UN,r— 


-3-  eo  cr  o  J-*. 
cvj  co  eo  o3-  1 

UN*^J  if   o  *-  I 


r-ovo 
co  o  cr 

ONCOVIN 


ONr-  <r\o 

UNUNO-i  O 


r—  vjn 

CO  ^ 


^JD  i^~VV£) 
VD   OVO 

^tvjd  on 


<r  r-c 


KNCO^f 

^t   60   — 
CVJ    ON  O 


irvcr 
cvj  r^ 
»-  cu 


KVf   UN. 
CU  K\^- 


urjt  un,i^- 


55! 


-  ONVO 
UN.  ON 

i  r^-cu 


60ja-ol6ocu  cr«-cur-^-^f  «~ 


»-N)UNCU   on 


60   ONCU 
—   r-NAJD 


CO  CU   60 
UNCU    CVJ 


urvirvUNirv  ^  r- 


O  OlTN 

r--cuj- 

VJD  OK> 


fWO  IfN  J*  CU 

60  r—ifNNo  o^r 

CU   r-VD  60  KN 


}  UNVJ3 
)  60  O 
I  l*-CT 


^t^o  cr 
f-j-.*- 

60   O  K> 


ON  —  vo 

ono3 

UN.ON«- 


UN60  O 
ONCU»X> 
r— ONK> 


KNO 
KNK\ 


60VJO  60 
IT.CMT 
r*N  •-  U"1 


ki>  CU  •- 

f~r-p 
eovx>  cu 

un  <oV  cu 


CU   UNCO 

O  r-N 


co  *-VD 
un..-  m 

60  K\^ 


cu  cu  r- 

ON60  60 

-  kd  en 


cu  o  O 
»-  cu  UN 
o  t*-vo 


J*   60 

60   ON  CO 

KNf—  r- 


O   O  »*N 

CU  KNCU 
UNUN,CU 


>  CU  UNf—  KNUN 
I  •-  ON]f«~VKN  O 
•  ON^r^iO^J^^r^ 


^t   UNKNCO  O  O 


60   *-  CO.*   CU^ 
J-VO   Q^VDO 

«-  kuJ  kDOin 


2* 


K^r^vo  •- 


>3£ 


III 


o  ^  j- 

o  ir\t>o 

OiftO 


O  J 


-  ir.'S 


pi 


ON  CO^O 
UNI^NCU 
ONO  60 


J>  CU  CU 
CU  f-f— 
O  OVO 


*  L  c 

•I  ?  a 
s  s  g 

isss 


2  J 

If" 

zzz 


^3-  CU  Oil"-  l/NO 
60  COVJD  CVJ  OVX> 
»-   UN^NjCU   ON  UN 


co  r--\x> 

cu  t-bo 

60  60  J" 


r*-uN^t^-  r-u3  KNr-uD  o\j* 


O  r—  t— 
-cvto 

UNh- 


!*  — «^> 


cor^ 


ON  CO  I 


—   60  CO 
<D  CU   — 


^  KN-=f 

— "knW 


Sr^O 
-  i-  r-N 


kO  O  O 
t^-  ON  60 
r—  UN»- 


jo  r-vj3 

<~  I--UN 
ON«- 


jt  ^t  it  j*  j*  cr 

KNCU  MO  CO  r- 


ONr— r»-  cu  •-  o 


O   UNCU 


K\r—  f-uD   CUj* 


ovoc 
L^t  r— u> 

UO   UN»- 


O   t—  ^-  (\)r-^ 

ONfti  cu  •-  o.  * 

cu.=t  oSoNr— 
cu*     uScu 


J*    UN  CUi. 


KNONI-N 
60  ONir' 
UNVO  -- 


60   UNCO 
60   ONO 

Kvirvn 


ON  CO  60 
l^NO^f 
60  KN«J3 

UN*-  t— 


^UNTo 


—  crvcrtOJ- 
f-N.o^-1—  3-  _ . 

UV*  60IUNCU   UN 


•-  --VJD  CU   CU   ON 
ONVJ3  K^CU  *-  VO 

—  o\x>Vo  •-  ^ 
-%-V      cu" 


O  r— oSo  o  co 

•-  r-N  UNO  •-  O 
*-  u~vr— CO  UN^ 


> ^t  60  QNQNC 
-  "J  r^*  O  ^ 

>cu  cu  ^ 


-r-^Y 


g  g  EC 

zzz 


la 


3o3 

zzo 


co  cvj  to 

60   «-V£> 

60  r—  o 


co  eo  cu 
CO  «-  cu 

60  *-  VJD 


ON  ONVO 
UN  60  r— 
CUVD  CU 


o  o  o 

r*N  ONO 


IS 


—  V-O  O 

J-  co^t 
3-  ON«- 


UN.ONO 
»^»CU  u^ 
^t  r— vo 


*o  —  o 

kJ3   ON  UN 
60  K>  O 


HNr'N.- 
UNONCU 

.O  \£)    CO 


8 


r— r— O 

o  r-  60 
•-   ONVJD 


r— o  un 

CO   UNCU 

r— •-  un 


-    ONO 

CO  cu  cu 

"    ON  — 


111 


UNO  O 
—  o  — 
ror«-\o 


»T\  60  J-  UN  60  toi   UN  UAJD 

^-  k>  uSvo  r— CU)  r— vovo 
o^t  loir—  unoScu  —3 


VJD  ONI 

"35 


00  c\j 


00  j-  o 
o  r- 

!*->  —  J" 


•3  ' 


'-a  i 


UN  O  CTi  CU  VJ3  CU 
KO  O  60lit  O  O 
60  60VO1OUD  •- 


ONCU 

r— vx>vjd 
cu^-  - 


r—  60  u? 

cu  *-3F 

ONK\VD 


ONf«- 
VJDCU   I    - 
OK-    60  <J>—      K\ 


KNJ*  CO  CU  J"  I 
»-  VJ3VD  *-  3-1 
K\  UNCU    COVO  • 


o^-^-  ovoa 


nvjd  r— — 
r>r«N60  60 


<£>\£>    O 

60    _    _ 


r— r— — 

UN  o  K1 


o»- 

r—  on*- 

f-N^D 


cu  r—  •-  r— r— ^jd 


o  KNO 

r—  UN  60 

o^*  J- 


^5 


ej?: 


o^*  cu 

Kvcrvr- 
o  o  a- 


*■  r-K,mjt  o 


§ONVD 
KVON 
KNVOVJD 


60  r*N 


—  60  I— 
O  «-vj0 
-OJ*  O 


-ols 

111 

•iff 


00   60J» 


•-  *-  oo 
o  •-  — 


cu  r— < 

•-  UN? 

—  jt  r 


O  UN^ 
\D   KN  C 


O   O- 
VJD    ONVJ3 

«-  o 


k\  uNr- 
r—  «-vj3 


i  T?*~-    on 

■    OK      ON 


KN  CO 
CU    ON 


O  UN 
o  CU 
VO    UN 


r—  cu 

r-  60 
—   CU 


CU    UNO,  ONJ*\D      — 


3££ 


Jt    06C 

•-  — ec 

^-  K\r- 


r--vjD  c 
o  j*  r- 

KN\£>VJ3 


ONJ- 

r—  60 . 

UN  KNO 

cu  trw 


—  un^Jknj* 

<£t  o  »-io3  _ 

KNONO^t    KN60 


o  o  o 

UNKN  cr 
60   ONK* 


r—j*  eo 

KN»-VJO 

r— co  cr 


cu  r—ko 

60   ONCU 


III 


**£ 


cu  cu  c 

U3  VJD  6£ 
UN  O  O. 


CU   60 

KN  ep  r- 


J*  CU  I 
CU  ON' 
—  CU  ( 


UN—  .  _, 
<0  Q  IT 
CU   O  K- 


O  60  U- 
O  KNU~ 
UN  ONVO 


O  --  o 

8  60  — 


«    2 

ill 

S3£ 


5 


o 


<31 


o 

CO 

w 
PQ 

s 

> 
o 


NS8 

lip 


OS  (^  CO 


^ 


vO  sO  r-~\ 


O    OJ   CT\ 

O  O^r-^ 


(M  r-l  ur\ 
vO   CO   Q 

oomj 


O  -T   r? 


iT\  OJ  co 

o  o  oj 


ir\  to  ,-o 


itnj-  if. 

r^»<T\CO 


vJD  <j\OJ 

ONO 


^SS 


i-'-VO  o 
CO  r<-\rH 


00  Aj"-I3 
r—  to  '-o 


HtMO 

i^O  co 

^O  cT*  OJ 


r*-\l —  -O 


r*-v£>  CO  O- 


CO    O  Jt 
Oj^O 


1  mo 


r**\  r^\  rri-o  o  i-h  mm  p-*o  oj  r-t  *-*  cnHO(r»H  rof-  wk-0  q  r— ,r— rH  mhm^< 

Q  J"   ^W   *>  oS-=T  <T\CU&sr^r<~\ir\j*^  lT\r-t  rO'-O  Q  o\»03  mi£-mr-  OJ  ONOV: 

i>  uS  jallo  ~o  ;v  «>  Kj  irt  j-  en  rJ'.o  Ti  3-  cm  m  j-  rH  oj  f^J  -3-  rH  oj  m  o  'r^  rH  ^  t 


ctmtv 

OJ   CO    OJ 

cr«  rH  oj 


\T\  m 
j3   LT\rH 


CO  »  IM 

CO    rH 


<•£>  §  CO 

oocr 


£3^3 


r— CO  OJ 
r^H  CO 
UT\  OJ   OJ 


®3«' 


S'-O   OJ 
^  «)  O 


o  w 
"So  oj  oj 


woo 

WO' 
r*~\0 


ITiCOH 


33! 


o  o  o- 


i^t   KM 
OJ  f^r^ 


(J\^^CO(\J 


O   U"\OJ 

O    WW 


rlOlT 

oj  mo 
^r  c\j  a- 


»coo^eo^o^o^^r^O'-«o"o'^cr»rf\r^j3-  q\eo  u^^^w  RI4  WW 

H  r^,  h-  5  Jt   lOr-"  W  H   H  ^  OJ   OJ  CO   r--\,  r— OJ  rH  WO^-NH  H  W 


ITM^  (VJ  <T\lT 


<o  o 
mm 

CO  rH  r*- 


nO  O 
^>  o  o 

OJ  f\0 


CJMJTN  CO 


»^  w 
to -*•  ^i- 

00  (M 


f*3 


o  ^ 

..  O  <T 


OMT   CT\J*  O 


J=t    IT    lT\  OJ    rH 


<7\  CO!  KMf\  CO 

J-     H^lTtrH    r-l    — 

fH   r*-\Oj 


O   CVI  IT 

2^3 


iTtf-rH 

wow 


!OJ  j± 
»  J-   W 


ir»o  <h 


*5-3S| 


O    O    rH 
r^   O  J" 


O   CO       , 
rH  OJ 


lT\rH 

OMT. 


r<\*£>    ^KiH   rH  IT . 


o  o> 

r—  r*-\  Oj 
rH   ITv 


a   Q   ' 


OJ  KMT 
vj?  ITN  OJ 
sD   OJ  vO 


125 


r*>  CO  ,=f 
0>   OJ  IT. 


a"\o-\~3: 


OJ  OJ  *-o 
LfMfMT 
O  CO  OJ 


f-~»VO   h~^>  iT\ 


111 

2£S 


CO  0>  CO   a\0 
rH    OJ    OJ  OJ 


CO   r^x^Si  00   OJ 

o  o  j*  ir\Jt 


HtT»--o  ur\  cr*  eo 


rH    rH    CO 


r— <0   LT\r—  ONrH   o^f 


rnr-       OOOOO  0|OCT>K> 
r-rH  o  co  r— oico.- 
OJ  OJ  H'r^W  O1  TV 


38 

o  o 


^  IT\  l*-+  cts"^ 


WO  N^  W  fj- 


wwq 


oj  r- 
o>'^>     -, 
O  o  (v 


OJ  o  i 


wo  w  ir\o  r^,ojrHur> 

^'h  W   rAlTvOj 


COU3    m-VlT>VO    _ 

CO  J-    OJ   CO   rv-\  Oj 

l-^V^   OJ   rH 


vA  0\.0   rH 

«  ^J  co  *J5 

■    iTVrH 


0>r*^rH   ( 

X  rH   rH   I 


IT1  ON         CT^-O   CO  f*  (V)  KX 


mo  r 


Q  O  O 

UfSO    rH 


r^,-!  r^^O  O  rH 


ooir 

LfNOj   r^ 


:8S' 

-  LO  to 


E?5«- 


o  o 

K\0 

o  o 


tr\  co  r<i(T\  r^»r*" 
omoo  r—  t^f 

,-*   r-»   r*  r— '-X*  OJ 


KMOir  jy  o*\q 
r*-\^o         rH  to   d 


OJ   rH 

s*0 


CO  o-nco 

rH   f*-  CO 

^>Jt  o 


r^OJ   _ 
OJ   rH   O 


r»  K\r*^    rH    0*\  rH 


U>U>  LT>tO   r-4  r-HOO   I^O'^O  CO   C0|  r^fVO,  rH  vO  ^-  OJ   <T\  CO 

j-  1^0  rH  p— vjO  OJ^-  r^vrtl j-  oj      kf\a\W!r-—  oo|i*- o*\ca 

HW   Njf  OJ  K%a>         OJ  r^CO  H  r--\rW         r-"\OJ 


O   O    rH 

<T\r-.    rH 

tT\OJ  fv 


CO1^)   CO 


«3  r*-\(\J 
O   O   rH 


r— u**»  r— 

LTVrH  li"' 
O^rH^t 


CO    O 

r-^ojl 

r--V  OJ 


iPi  r^-^O       jh    h 


co^ 

O   rH 


CO  IT»< 


O  rH    rH    O 

rH  rH    CTN  J" 

r*-\         OJ  r«-\  OJ 


!*-v£>   CM 
*  OJVO* 


O  ^O   t 
OJ  r*-( 


2S..-.1 


■J>  to  LC 


rH    ON  rH 


mw  a-^>  r^j-  w^>cc    o 


!iVj 


oj  o 

O-v  JNO 

OJ  LTN  OJ 


2>  oj  r- 

r^    ^    OJ 


WNO  ny  a    ro 


lOW  CC 
vO  OJ  r*v 
vD  oj  r- 


H    CO    CJ. 

u3  q  ir 

H  J    H 


r—  r^upivO  inn 


rH   0*N«> 

"^3  " 


^1 


cr*OMiT> 
o^co  o 


!|| 


H» 


zzz 


|3 

Ji 

o  o3 
2Z0 


00£ 


no\o 
oj  ur\  r— 

CO    rH    rH 


U5  r--ir> 


n|3 

HI 

111 


tM  KVJ 

^-i  cy  cy 

rO    ro    C\J 


tM  -d-  J- 
ir\c\j  o 


>>^ 


SS^ 


OJ    X>  .H 

q>  to ,^- 

VDsD  J 
rH    W    ( 


5  s 
II! 

■-   a   3 


w 
Q 

O 

D 

a 

a) 


o 

CO 


O 
fO 

en 
w 

A 
> 

o 

to 
O 


m 


m 


m 


13 


3J11IJ 


vQ  O  0> 

£&9* 
P-  oj  nj5 


3  ^ 


55       oj 

3  4 


HCO   K> 


CM  LTNrfN 


I  CM  rT> 


£^3 


ai 


$:■ 


o  o\co 


OJ  ^1  I 

«4no  i 
t-o  < 


On  t> 

3n  rH 

rH  O 

C§  CO 

US  rH 


oj  o\ 
N-.OJ 
mm 

t-NO 


-   J    OJ    rH 

SCO  rc\ 
uS  ir\ 


1*1 

pi 


ON -4 
IT.O  CO 


n 


882! 

N"NCO   W 


&§3 

rAco  K- 
OJ*rH  r- 

"3 


■Si 


KNrH  CO   I 
_   CO   t-  rH  v 

co  r-oj  r-  < 


oj  3'  K-Jsl  co  rf\ 

CS  P-  O  K>  U"N  C\J  CO 


r-rH 

CO  CM 


$8 


8]  o\ .. 

rH3ir 


On  I—  (-    O   CTn  N\ 


t--4N0 

3s 


fHir^rr^N^KtOfHh-cJf^ 


....  ir\U\©  <H  pv  On© 
a  3  t-p  Q  ONt?  J?\SS 
r-  3*0  fy  3  >n 


S-'83 


ON  i-r 
CM  ~Z 


8^ 

CO  r- 


is « 


4if>qHJco 
t— kS 


>  tlS  HI 

IrH 


IC  ONt- 

k3£ 


rtoir,44r'  r-c\ic\i 


o  int-- 
o  mo 

ir4o 


nO   OJ  OMU 
IT  -43f- 


-4  UM- 

IT\  IT\C 

n-n-4cCj 


-fftl 


ONrHir-. 
CO  OO- 

On  t— t- 


£$ 


J-O^^O    rH    ( 
*£    COj   O  -J  r 


j-onoj 

-  P-  LP 

\  o  p- 

)    t*-\K> 

J  o  o 


OlAOO^OOMAr^OCOO 

W  sO  H.  O  CO  O  H  O  •  O  On  rH  O 

(Aco  O1  OJ  O  O  0  sO  OOinro 

»    ■»    4    *    %    4    *    »    4 

-^  ON  ""> 


CM 


OlAO 
OJ  O  r-i 

meo  o 

38' 


|lf\OlA(N.H   O  3  rH 

r  co  co  -4      cr|  ino  ~ 


o3o 

OnO    " 
CM  MS 


I: 


CO   Lfj 


m  lt\  i-r  co  co  re  r-t       iroj       a 


ssks 


SR£ 


OJ    rH 
_  .rH 
OJ  O 


O  O  CO 
N-\  Q\  re 


^W4h[^(D  t-i-z 


-o-4la 

rtOf- 


OJ  U-Ntfi  0>  rH  l 
*-*  hT\  C  rr\  ON< 
nO  IT\S    -4  r-M 

rH  ITx  ol  U-N  -4  I 
ON-4  U"»vO    rT\( 

h  o  r--KSo\- 


2°  i 

3  =  i 


C--OJ  OJ 

ir\i-i    - 
oj  o 


K\nO  K" 

r-oj  - 


s^p; 


5S' 


r-OJ  IT 
KNtTs 


HCOHvQ   H 
O  3)1  \0 -3  CM 


^^ 


iH_4rH  rH  O 


eg  ojc 

K-Nf-r- 

cD\Oir 

OJ  i-*~ 
OJ  KNO 


.g     a 

ill 


rH  CC 


OW 
CO  cv 

^^ 

i-i  OC 


ON  LT»  r-t 

rH    0>^O 

O^O    O 

•»      *      < 

q>f-rH 

ol 


rH   r-t  ^O 


LT\nO  q 


rH  r-co 

&$3 


ONKN 
.w,inCM 


C--OJ 

oj  in 
o  m 


rH   rH    r-J  OJ    OJ   -j 
O  rH  lf>LTN  fOC 


S 


OCOOO 

grH   O   CM 

O-J'a-  rH 
rH       _J  ro» 


0^0  OJ 


vOsO  OJ 

^    t^-rH 

fAW   LT 


^8 

t^nTlO. 


K\rC«NC    rH 


OJ   IACC 

t>t — : 

-4  rl^ 


s 


I  cOvC 


III 

Mi 


'?  =  S 
.2  o  2 


OOvK- 
CO  CO  OJ 

O   rH    O 

OCO   LT 


LT,  pT\rH    r- 


CM-:  J$K\t«    t€\ 


J-o  C 

sO  LT\  r- 
>-*-3  CV 


r-  on  r4  cm  lt»  cv 


8    $ 

OJ       -4 


3  Si 

O  sO 


-O  rH   fO 

rH  CO    rH 
CV!    O    rO 

ooco 

H   (At- 

Hcoro( 


OJ    r-llK\.KV 


*H   O  P> 
OJ    K\  (S 

rH  O    rHJ 


LAOQOOCJLTvOJrHsO 
C-LTi   3   »H   rH   iHt   ON  t*-   C>  KN 

CM  LP  t—  sO  ^0  co  rc\i-*  rc\t- 
*    «•••!*  _•     H»* 

r-3*      onocoonoSojq 

rH  K\rH  i-l         sO 


rcvoj  nC 
la  r-  r- 


CJONO 
LINO  O  <-H 


LP.  KMT 
WOO 
O  OJ  rH 


p-  LT\ 
CO  v0  .    . 
rH  OJ   rH 


I  OJ   K" 


C0  OJ 

mo 
t-o 


-4o  C 

S3S, 

4B\(-' 
ft  O  _;■ 

t-rH_; 


.S3 

IS 

■§f.| 
zzo 


co  o 

rT\  O 

t—  in 

nO   Q 

NO    -4 


I 


i~-o 

-    NO   rH 

t-l-NQ 

)  no  OJ* 

3S 


o  irvoj 

o»h 


OlTiCOOJCOOJrHrH 


t-^trH 
IAO 
ITvOJ 


3 


^2!g 

OJ  OJ 

f-t-iH 
P-O 
1A0J 


I  t— CO  o  t— 
'  CO  nO  OJ  m 


« 


CO  CO  CO  OJ   rH   rH 

r-OJ  co  Q  co  rc 

J  f-  rj3  rH   CO 

vQcOCOlO  HsO 
CO  KNsO  CM  J"  K" 

r-OJ  H  •"•  w  H 


no  kv      co  r-r-r- 

rH  _q  i-t  i-i 


K-VOJ  vO  CV 


LT\_j-  K^O^O    r- 


rH  -O    r+O  LTVCC' 

K>-3  c  md^: 

-d-CM   O  OJ  r- 


•o.sa 

2  =  = 

Sc5?cS5 


On.  CO  (J. 
OJ  On  a 


rr\Q>  -^ 
On  O  n£ 
nO    rT\r- 


i'H"i 


rH  nO 

OOn 

K\rH 


3-4 
nO  CO 


SJo 


-■-tr- 


CO  OJ  c 
OJ   KNK 


OJ  OJ  CV 

i-t  rl  r- 
CO   KVK 

m 


t^-d-vc  o  c 

rH  on  a  cm  — 

-d-LfN^C  KNCC 

-^CO*t4  ' 

*5»  ' 


r-c-o, 

rH    |V  If , 

3co  cc 

40  t~' 

NOajKi 


■tt 


o  c 

LTN-; 

o  c 


fa, 
BJJ 


5 


W  X.7:  lo 


"mil 


iiiiiiiiii        ...iii 


||i""' n 


llli. m! 


4 


'111111111111111'" 


A 

.iiiiiiiiii, 


I         II  .,,lllllllllli,._  „ll 


A  JOURNAL  OF  HIGHWAY    RESEARCH 


FEDERAL         WORKS         AGENCY 

PUBLIC        ROADS        ADMINISTRATION 


VOL.   20,    NO.    1  1 


JANUARY    1940 


CONSTRUCTING    EXPERIMENTAL    CONCRETE    PAVEMENT    IN    INDIANA 


For  sale  by  the  Superintendent  of  Documents,  Washington,  D.  C. 


See  page  2  of  cover  for  prices 


r    UoLil^     KUAL/lJ     Highway  Research 


Volume  20,  No. 


Issued  by  the 

FEDERAL  WORKS  AGENCY 

PUBLIC  ROADS  ADMINISTRATION 

D.  M.  BEACH,  Editor 


January  1940 


The  reports  of  research  published  in  ihis  magazine  are  necessarily  qualified  by  the  conditions  of  the  tests  from  which  the  data  are  obtained. 

Whenever  it  is  deemed  possible  to  do  so,  generalizations  are  drawn  from  the  results  of  the  tests;  and,  unless  this  is  done,  the  conclusions 

formulated  must  be  considered  as  specifically  pertinent  only  to  described  conditions. 


In  This  Issue 


Page 

205 


Experiments  With  Continuous  Reinforcement  in  Concrete  Pavements 

The  Cost  of  Curing  Concrete  Pavements  With  Cotton  Mats 215 

Cost  of  Operating  Rural-Mail-Carrier  Motor  Vehicles 217 


THE  PUBLIC  ROADS  ADMINISTRATION 
REGIONAL  HEADQUARTERS       


-     -     -     Willard  Building,  Washington,  D.  C. 
Federal  Building,  Civic  Center,  San  Francisco,  Calif. 


DISTRICT  OFFICES 


DISTRICT  No.  I.  Oregon,  Washington,  and  Montana. 

Post  Office  Building.  Portland.  Oreg. 

DISTRICT  No.  2.  California,  Arizona,  and  Nevada. 

Federal  Building.  Civic  Center.  San  Francisro.  Calif. 

DISTRICT  No.  3.  Colorado,  New  Mexico,  and  Wyoming. 

254  New  Customhouse.  Denver,  Colo. 

DISTRICT  No.  4.  Minnesota,  North  Dakota,  South  Dakota,  and  Wisconsin. 

907  Post  Office  Building.  St.  Paul.  Minn. 

DISTRICT  No.  5.  Iowa,  Kansas,  Missouri,  and  Nebraska. 

71  I  U.  S.  Courthouse,  Kansas  City,  Mo. 

DISTRICT  No.  6.  Arkansas,  Louisiana.  Oklahoma,  and  Texas. 

Room  502.  United  States  Courthouse.  Fort  Worth.  Tex. 

DISTRICT  No.  7.  Illinois,  Indiana,  Kentucky,  and  Michigan. 

South  Chicago  Post  Office  Building.  Chicago.  111. 


DISTRICT  No.  8.  Alabama,  Georgia,  Florida,  Mississippi,  and  Tennessee. 

Post  Office  Building.  Montgomery,  A!a. 

DISTRICT  No.  9.  Connecticut,  Maine,  Massachusetts,  New  Hampshire,  New 
Jersey,  New  York,  Rhode  Island,  and  Vermont. 

505  Post  Office  Building,  Albany.  N.  V. 

DISTRICT  No.  10.  Delaware,  Maryland,  Ohio.  Pennsylvania,  and  District 
of  Columbia. 

Willard  Building.  Washington.  D.  C. 

DISTRICT  No.  11.  Alaska. 

Room  419,  Federal  and  Territorial  Building,  Juneau,  Alaska. 


DISTRICT  No.  12.   Idaho  and  Utah. 


Federal  Building.  Ogden.  Utah  . 


DISTRICT  No.  14.  North    Carolina,   South    Carolina,    Virginia,   and    West 
Virginia. 

Montgomery  Building,  Spartanburg.  S.  C. 


Because  of  the  necessarily  limited  edition  of  this  publication  it  is  impossible  to  distribute  it  free  to  any  person  or  institution  other 
than  State  and  county  officials  actually  engaged  in  planning  or  constructing  public  highways,  instructors  in  highway  engineering, 
and  periodicals  upon  an  exchange  basis.  At  the  present  time  additions  to  the  free  mailing  list  can  be  made  only  as  vacancies  occur. 
Those  desiring  to  obtain  PUBLIC  ROADS  can  do  so  by  sending  $1  per  year  (foreign  subscription  $1.50),  or  10  cents  per  single  copy, 
to  the  Superintendent  of  Documents,  United  States  Government  Printing  Office,  Washington,  D.  C. 


CERTIFICATE:  By  direction  of  the  Commissioner  of  Public  Roads,  the  matter  contained  herein  is  published  as  administrative  information 
and  is  required  for  the  proper  transaction  of  the  public  business. 


EXPERIMENTS  WITH  CONTINUOUS 

REINFORCEMENT  IN  CONCRETE 

PAVEMENTS' 

Reported  by  EARL  C.  SUTHERLAND,  Associate  Highway  Engineer,  Public  Roads  Administration,  and  SANFORD  W.  BENHAM,  Research  Engineer, 

Indiana  Highway  Commission. 


IN  THE  FIELD  of  concrete  pavement  design,  there  is 
probably  no  subject  that  has  provoked  more  discus- 
sion than  that  of  the  proper  spacing  for  transverse 
joints.  Today,  after  more  than  40  years  of  concrete 
pavement  construction,  a  wide  divergence  of  opinion 
still  exists  as  to  the  proper  spacing  to  use. 

The  general  trend  for  some  years  has  been  tow  aid 
decreased  slab  lengths.  Gradually  the  distance  be- 
tween joints  has  been  reduced  until  at  the  present  time 
most  of  the  concrete  pavement  is  being  laid  with  slab 
lengths  of  30  feet  or  less.  Theory  and  experiment  have 
indicated  that  for  satisfactory  control  of  the  stresses 
that  are  caused  by  restrained  temperature  warping  a 
short  slab  length  is  necessary. 

A  pavement  designed  with  short  slab  lengths  obvi- 
ously contains  numerous  joints.  Joint  designs  that 
will  fulfill  the  requirements  for  flexibility,  for  ability  to 
transfer  load  and  effectively  to  control  load  stress,  and 
for  excluding  water  and  foreign  matter  in  a  satisfactory 
manner,  have  not  yet  been  developed. 

There  exists  an  understandable  feeling  that  the  trend 
toward  increasing  the  number  of  joints  required  per 
mile  of  pavement  is  a  mistake,  although  present 
engineering  knowledge  indicates  tins  to  be  the  most 
effective  design.  The  cost,  the  difficulties  of  installa- 
tion, the  leakage  of  surface  water  to  the  subgrade 
(sometimes  with  very  harmful  results),  the  tendency 
for  joints  to  be  or  to  become  rough  spots  producing 
impact — these  and  other  criticisms  are  advanced  as 
arguments  against  the  use  of  short  slabs  and  frequent 
joints.  If  it  were  possible  to  design  a  concrete  pave- 
ment in  such  a  manner  that  it  would  be  continuous 
mile  after  mile,  or  even  if  it  were  possible  to  space  the 
joints  at  intervals  of  1,000  feet  or  500  feet  or  even  less, 
it  is  obvious  that  many  of  the  problems  that  are  assoc- 
iated with  frequent  joints  would  disappear.  Although 
this  thought  has  intrigued  the  minds  of  engineers  for 
years,  the  solution  to  the  problem  has  not  been  found. 

Experience  has  shown  what  is  to  be  expected  in  plain 
concrete  pavements  that  are  laid  continuously  or  with 
joints  placed  at  infrequent  intervals.  Contraction  and 
warping  stresses  cause  frequent  transverse  cracks  and 
lack  of  provision  for  expansion  may  result  in  "blow-ups". 
While  these  troubles  have  not  always  been  experienced 
to  a  serious  degree,  in  general,  those  interested  in  the 
construction  and  maintenance  of  highways  have  felt 
that  the  effort  to  control  cracking  and  other  troubles 
through  the  use  of  joints  was  worthwhile. 

The  possibilities  of  pavement  slab  designs  in  which 
the  frequency  of  constructed  transverse  joints  is  reduced 
through  the  use  of  continuous,  bonded-steel  reinforce- 
ment have  never  been  very  thoroughly  explored, 
although  a  limited  amount  of  information  is  available. 

Concrete  changes  in  volume  when  subjected  to  tem- 
perature changes  or  to  changes  in  its  moisture  content. 
A  concrete  road  slab  is  subject  to  severe  changes  in  both 
temperature  and  moisture  content  and  relatively  large 


1  Paper  presented  at  the  Nineteenth  Annual  Meeting  of  the  Highway  Research 
Board,  December  8.  1939. 
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volume  changes  tend  to  occur.  When  the  slab  at- 
tempts to  contract  or  to  expand,  it  must  overcome  the 
resistance  to  deformation  of  the  subgrade  with  which  it 
is  in  contact.  This  is  the  source  of  the  direct  tensile 
and  compressive  stresses  in  a  transverse  section  of  the 
pavement.  In  addition  to  direct  stress,  temperature 
and  moisture  differentials  down  through  the  slab 
develop  periodically  and  these  create  bending  stresses 
because  of  the  restraint  to  warping  that  exists  in  slabs 
of  appreciable  length.  The  summation  of  the  stresses 
that  are  caused  by  these  conditions  of  temperature  and 
of  moisture,  either  alone  or  in  combination  with  the 
stresses  that  are  caused  by  vehicle  wheel  loads,  may 
exceed  the  tensile  strength  of  the  concrete  and  cause  a 
rupture  of  the  pavement  slab. 

The  introduction  of  longitudinal  steel  reinforcement 
into  a  concrete  pavement  will  not  prevent  the  formation 
of  transverse  cracks  under  the  stress  conditions  just 
described.  However,  the  presence  of  steel  will  have  an 
important  effect  upon  the  character  and  distribution  of 
the  cracking  that  occurs  and  upon  the  structural 
integrity  of  the  pavement  and  it  is  this  action  that 
possibly  may  prove  to  be  of  advantage  in  reducing  the 
number  of  constructed  transverse  joints  required  in 
concrete  pavements. 

REINFORCING  STEEL  EXPECTED  TO  INFLUENCE  THE  CHARACTER 
OF  CRACKING 

Moderate  amounts  of  steel  reinforcement  in  concrete 
under  tension  add  relatively  little  to  the  tensile  resist- 
ance of  the  section  prior  to  the  time  that  rupture  of 
the  concrete  occurs.  Thus,  in  a  concrete  pavement, 
it  is  to  be  expected  that  the  first  crack  will  appear  at 
about  the  same  place  and  under  about  the  same  condi- 
tions of  stress  in  both  a  reinforced  and  an  unreinforced 
slab,  other  conditions  being  the  same.  As  soon  as 
rupture  of  the  concrete  occurs,  however,  the  concrete 
section  that  was  most  highly  stressed  is  relieved  im- 
mediately of  all  stress  while  any  bonded  steel  that 
crosses  the  ruptured  section  suddenly  assumes  a  much 
greater  burden  than  before. 

The  stresses  caused  by  subgrade  resistance  are  car- 
ried across  the  rupture  by  the  steel  and  transferred 
gradually  back  to  the  concrete  through  the  bond 
between  the  two  materials.  The  distance  in  which  the 
full  amount  of  stress  is  transferred  back  to  the  concrete 
is  dependent  directly  upon  the  length  of  the  section 
and  the  degree  of  bond  between  the  two  materials  and 
indirectly  upon  the  amount  of  steel.  The  result  is 
that  in  long  slabs  reinforced  with  relatively  large 
amounts  of  longitudinal  steel,  additional  transverse 
cracks  may  be  expected  in  close  proximity  to  the  first 
plane  of  rupture.  The  distance  between  the  points  at 
which  the  stress  in  the  concrete  section  reaches  a  magni- 
tude sufficient  to  cause  rupture  will  depend  primarily 
upon  the  amount  of  steel  that  transfers  stress  across 
the  ruptured  concrete  section,  although  for  a  given 
percentage  of  longitudinal  steel  a  certain  slab  length  is 
necessary  to  develop  the  effect  that  has  been  described. 
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Figure  1 
Section 


— Present  Appearance  of  a  Heavily  Reinforced 
of  the  Columbia  Pike  Experimental  Pavement. 


Figure  2. — Typical  Crack  in  a  Heavily  Reinforced  Sec' 


tion    of    the    Columbia    Pike 
After  18  Years  of  Service, 
ment;  Lower,  Edge  of  Slab. 


Experimental    Pavement 
Upper,  Surface  of  Paye- 


This  action  was  observed  and  studied  to  a  limited 
extent  in  two  of  the  early  researches  of  the  Public  Roads 
Administration,  the  significant  features  of  which  will 
be  discussed  briefly. 

The  earliest  of  these  investigations  is  that  of  the 
Columbia  Pike  experimental  pavement  in  Arlington 
County,  Va.  This  pavement,  1%  miles  long,  was 
built  in  1921  and  included  various  slab  thicknesses, 
cross-sectional  designs,  and  reinforcement  designs. 
The  majority  of  the  reinforced  sections  are  200  feet 
long,  and  the  amount  of  reinforcement  in  them  was 
varied  from  a  light  welded  fabric  to  a  heavy  bar  mat. 
A  published  report  describes  the  condition  of  the  pave- 
ment at  the  time  it  was  2%  years  old.2  The  details  of 
design  of  the  various  sections  of  pavement  and  the 
characteristics  of  the  subgrade  are  given  in  this  report. 
The.  type  of  cracking  that  occurred  in  relation  to  the 
steel  reinforcement  was  discussed  in  two  subsequent 
papers.3  4 


2  Reinforcing  and  the  Subgrade  as  Factors  in  the  Design  of  Concrete  ravements, 
by  J.  T.  Pauls.  PUBLIC  ROADS,  vol.  5.  No.  8.  October  1924. 

3  The  Interrelation  of  Longitudinal  Steel  and  Transverse  Cracks  in  Concrete  Roads, 
by  A.T.  Ooldbeck,  PUBLIC  ROADS,  vol.6.  No.  6.  August 

ncret.e  Pavement,  Dcsicn.  by  I..  W.  Teller  and  J.  T.  Pauls,  Proceedings  Ameri- 
can Concrete  In<t it i 1 1 >  .  vol   22,  1026 


The  Columbia  Pike  experimental  pavement  is  of 
interest  at  the  present  time  chiefly  because  it  gives  some 
indication  of  the  type  of  cracking  that  occurs  and  the 
performance  that  may  be  expected  in  pavements  con- 
taining relatively  large  amounts  of  longitudinal  rein- 
forcement. 

The  most  heavily  reinforced  section  is  350  feet  long 
and  contains  14  three-quarter-inch  round  deformed 
bars,  uniformly  spaced  across  its  18-foot  width.  A 
large  number  of  very  fine,  closely  spaced,  transverse 
cracks  developed  in  the  central  part  of  this  section 
soon  after  the  pavement  was  laid.  After  18  years  of 
service,  these  cracks  are  still  closed  and  very  little 
spalling  or  disintegration  has  occurred  in  their  vicinity. 
A  general  view  of  this  section  of  pavement  taken  within 
the  last  few  months  is  shown  in  figure  1.  Figure  2 
shows  two  views  of  the  pavement  at  a  typical  crack. 
It  will  be  observed  that  the  general  condition  of  this 
section  of  pavement  is  still  good  and  that  the  structural 
integrity  of  the  pavement  has  been  maintained.  Al- 
though figure  1  indicates  distances  of  several  feet 
between  transverse  cracks,  actually  it  shows  only  those 
that  have  developed  to  an  extent  sufficient  to  catch 
the  eye  of  the  maintenance  crew.  Additional  trans- 
verse cracks  can  be  found  by  close  examination,  al- 
though they  are  so  fine  that  they  are  difficult  to  see, 
even  in  a  relatively  close-up  view  such  as  that  in  figure  2. 

The  Columbia  Pike  experiment  indicates  that  in  a 
long  concrete  pavement  slab  the  presence  of  relatively 
large  amounts  of  longitudinal  steel  will  greatly  increase 
the  number  of  transverse  cracks  but  that  these,  cracks 
will  be  held  tightly  closed  (if  the  slab  length  is  not  too 
great)  and  further  that  over  a  long  period  of  time  no 
structural  break-down  need  be  anticipated.  It  shows, 
also,  that  the  presence,  of  longitudinal  steel  reinforce- 
ment increases  the  distance  between  open  cracks. 

REINFORCEMENT  FOUND  TO  REDUCE  CRACKING  IN  SHORT  SLABS 
AND  NEAR  ENDS  OF  LONG  SLABS 

Several  years  after  the  Columbia  Pike  sections  were 
built,  a  study  of  curing  methods  for  concrete  pave- 
ments was  undertaken  at  the  Arlington  Experiment 
Farm,  Virginia,  utilizing  test  sections  of  plain  concrete 
200  feet  long,  2  feet  wide,  and  6  inches  thick.  In 
connection  with  this  study,  a  number  of  reinforced 
sections  were  included  for  the  purpose  of  obtaining 
additional  information  on  certain  conditions  that  had 
been  observed  in  the  experimental  sections  on  the 
Columbia  Pike.  The  details  of  the  construction  and 
behavior  of  the  various  sections  included  in  the  curing 
experiments  have  been  given  in  two  published  reports.5  6 

The  amount  of  steel  in  the  reinforced  sections  was 
varied  from  a  very  light  welded  fabric  to  two  %-inch 
round  deformed  bars  (in  the  24-inch  width).  There 
were,  as  stated,  a  number  of  plain  concrete  sections 
and  these  may  be  used  for  comparison  with  the  rein- 
forced sections.  Some  of  the  200-foot  sections  were 
duplicated  by  sections  that  were,  divided  into  five 
slabs:  20,  30,  40,  50,  and  60  feet  long.  The  stresses 
in  the  steel  and  in  the  concrete  caused  by  the  subgrade 
resistance  alone  probably  would  not  be  excessive  in 
slabs  up  to  60  feet  in  length.  In  the  200-foot  sections, 
however,  the  stresses  caused  by  the  subgrade  resistance 
would  exceed  the  ultimate  tensile  strength  of  the 
concrete,  over  a  considerable  part  of  the  total  length 


'Tests  of  Concrete  Curing  Methods,  by  .1.  T.  Pauls,  PUBLIC  ROADS,  vol.  7, 
No.  id,  December  1026. 

6  The  Arlington  Curing  Experiments,  by  L.  W.  Teller  and  U.  L.  Bosley,  PUBLIC 
ROADS,  vol.  10,  No.  12,  February  1930. 
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of  the  sections,  and  would  probably  exceed  the  tensile 
strength  of  the  steel  in  the  more  lightly  reinforced 
sections. 

In  the  13  years  since  the  sections  were  built,  a  number 
of  transverse  cracks  have  formed  in  each  of  the  plain 
concrete  sections  and  in  the  central  portion  of  the  200- 
foot  sections  that  are  continuously  reinforced  with  the 
larger  amounts  of  bonded  steel.  There  has  been  a 
negligible  amount  of  cracking  near  the  ends  of  the 
continuously  reinforced  sections  and  in  the  reinforced 
sections  that  were  divided  by  joints  into  shorter 
slabs.  This  condition  obtains  in  both  the  sections 
reinforced  with  large  amounts  and  those  reinforced 
with  small  amounts  of  steel. 

In  general,  no  appreciable  amount  of  cracking  or 
disintegration  has  occurred  in  the  reinforced  sections 
in  which  the  stresses  in  the  steel  and  concrete,  caused 
by  the  subgrade  resistance,  have  been  held  to  reason- 
able values. 

In  the  200-foot  sections  containing  a  relatively  large 
amount  of  steel,  in  which  the  stresses  caused  by  sub- 
grade  resistance  have  exceeded  the  tensile  strength 
of  the  concrete,  but  not  the  elastic  limit  of  the  steel, 
a  number  of  very  fine,  closely  spaced  transverse  cracks 
have  developed  in  the  central  part  of  the  sections. 
These  cracks  have  remained  closed  and  little  or  no 
spalling  or  disintegration  has  developed.  A  typical 
crack  in  one  of  the  reinforced  sections  containing  two 
%-inch  deformed  bars  is  shown  in  figure  3. 

These  experimental  sections  have  never  been  sub- 
jected to  loads  of  any  kind  so  that  the  cracking  and  dis- 
integration that  has  developed  has  been  caused  by  the 
temperature  and  moisture  variations  and  by  other 
conditions  of  exposure. 

The  behavior  of  the  reinforced  sections  in  the  curing 
experiments  at  Arlington  tended  to  confirm  the  ob- 
servations made  on  the  Columbia  Pike  sections  adding 
support  to  the  theory  that  has  been  outlined. 

These  studies  and  others  that  were  in  progress  about 
the  same  time  emphasized  the  need  for  a  more  thorough 
understanding  of  the  structural  action  of  concrete  pave- 
ments and  for  a  number  of  years  attention  was  concen- 
trated on  this  problem. 

Westergaard  developed  his  important  analyses  of  the 
stress  conditions  in  pavement  slabs  under  the  action  of 
wheel  loads7  and  under  the  influence  of  temperature 
changes.8  The  first  showed  for  the  first  time  the  rela- 
tions between  load,  deflection,  and  stress  for  an  elas- 
tic slab  of  uniform  thickness  on  an  elastic  support,  deal- 
ing with  the  three  critical  points,  a  free  edge,  a  free 
corner,  and  an  interior  point.  The  second  paper,  deal- 
ing with  temperature  effects,  presented  means  for  cal- 
culating the  stresses  caused  by  warping  restraint.  Both 
of  these  contributions  are  of  fundamental  significance. 

In  order  to  study  experimentally  the  relations  ana- 
lyzed by  Westergaard  and  to  supplement  those  analyses 
by  studies  of  other  than  uniform  cross  sections,  the 
Public  Roads  Administration  built  and  subjected  to  in- 
tensive experiment  a  series  of  full-size  pavement  slabs. 
This  general  research  covered  a  period  of  several  years 
and  was  divided  into  a  number  of  parts.  Those  parts 
of  the  investigation  that  are  pertinent  to  the  subject 
of  this  paper  have  been  reported  and  cover  the  observed 
effects  of  temperature  and  moisture  variations  on  slab 


behavior  and  the  observed  structural  action  of  the  sev- 
eral joint  designs  that  were  included  in  the  design  of 
the  test  sections.9  The  slab  behavior  was  determined, 
in  general,  bv  si  rain  measurements. 


7  Computation  of  Stresses  in  Concrete  Roads,  by  H.  M.  Westergaard,  Proceedings 
of  the  Highway  Research  Board,  pt.  I.  1925. 

Stresses  in  Concrete  Pavements  Computed  bv  Theoretical  Analysis,  by  H.  M. 
Westergaard,  PUBLIC  ROADS,  vol.  7,  No.  2,  April  1920. 

8  Analvsis  of  Stresses  in  Concrete  Roads  Caused  by  Variations  of  Temperature,  by 
H.  M.  Westergaard,  PUBLIC  ROADS,  vol.  8,  No.  3,  May  1927. 


Figure  3. — -Typical  Fine  Crack  in  a  Heavily  Reinforced 
iSlar  Constructed  in  the  Arlington  Curing  Tests,  13 
Years  After  Construction. 

researches  show  importance  of  controlling   warping 
stresses 

One  of  the  important  results  of  these  researches  has 
been  development  of  an  appreciation  of  the  importance 
of  the  warping  stresses  that  are  present  in  concrete 
pavements  at  times  when  large  temperature  differen- 
tials are  present,  stresses  that  in  certain  regions  of  the 
slab  area  combine  with  load  stresses  to  cause  critical 
stress  conditions.  To  control  warping  stresses,  the  re- 
straint that  produces  them  must  be  controlled  and  this 
can  be  accomplished  practically  by  limiting  the  prin- 
cipal dimensions  of  the  slab.  The  significance  of  these 
combined  stresses  as  they  affect  the  structural  design  of 
a  pavement  has  been  very  completely  discussed  in  a 
recent  paper  by  E.  F.  Kelley.10 

Recognizing  on  the  one  hand  the  experimental  evi- 
dence that  short  slabs  are  necessary  for  the  control  of 
warping  and  consequently  of  combined  stress  and  on  the 
other  hand  the  practical  objections  to  the  introduction 
of  more  joints  in  concrete  pavements,  the  Public  Roads 
Administration  and  the  Indiana  State  Highway  Com- 
mission in  1936  decided  to  investigate  more  thoroughly 
the  possibilities  of  longitudinal  steel  reinforcement  as  a 
means  for  increasing  the  slab  length  of  concrete  pave- 
ments. 

Consideration  of  the  problem  indicated  that  the  in- 
formation desired  could  best  be  obtained  through  the 
construction  of  special  sections  of  reinforced  pavement 
located  on  a  highway  in  service  and  on  this  basis  an 
extensive  research  project  was  planned.  Arrange- 
ments were  then  made  for  the  construction  of  the 
desired  experimental  reinforced  sections  in  Indiana  as 
part  of  a  regular  Federal  Aid  project.  The  State  and 
the  Administration  cooperated  in  the  selection  of  a 
suitable  location,  the  adjustment  of  the  experimental 
sections  to  the  location,  the  construction  of  the  sec- 
tions, and  in  the  program  of  measurements  and  obser- 
vations. 

The  pavement  was  constructed  on  a  transcontinental 
highway    west    of    Indianapolis.     This    location    was 

"The  Structural  Design  of  Concrete  Pavements,  by  L.  W.  Teller  and  Karl  C. 

Sutherland: 

Pt.  2.  Observed  Effects  of  Variations  in  Temperature  and  Moisture  on  the  Size, 
Shape,  and  Stress  Resistance  of  Concrete  Pavement  Slabs,  PUBLIC  ROADS, 
vol.  10,  No.  9,  November  1935. 

Pt.  4.    A  Studv  of  the  Structural  Action  of  Several  Types  of  Transverse  and 
Longitudinal  Joint  Designs,  PUBLIC  ROADS,  vol.  17,  Nos.  7  and  8,  Septem- 
ber and  October  1930. 
'"Application  of  the  Results  of  Research  to  the  Structural  Design  of  Concrete 

Pavements,  bv  E.  F.  Kellev,  Proceedings  of  the  American  Concrete  Institute,  vol. 

35,  1939,  also  PUBLIC  ROADS,  vol.  21),  Nos.  5  and  0,  July  and  August  1939. 
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particularly  suitable  because  of  the  fairly  uniform 
subgrade  and  the  absence  of  sharp  curvature  and  of 
steep  grades.  The  maximum  grade  is  2.95  percent 
and  the  maximum  curvature  is  0°11.5'.  Also  the 
traffic  on  this  route  is  heavy.  The  test  sections  were 
built  during  September  and  October  of  1938.  The 
remainder  of  this  paper  will  be  devoted  to  a  description 
of  the  details  of  the  planning  and  construction  of  this 
pavement,  the  schedule  of  observations  that  has  been 
adopted,  and  the  general  behavior  of  the  experimental 
sections  thus  far. 

In  selecting  the  range  in  the  amounts  of  steel  to  be 
used  in  the  various  sections,  it  was  necessary  to  con- 
sider several  factors.  The  maximum  amount  of  steel 
that  can  be  used  will  probably  be  determined  by  the 
cost  of  the  steel  that  can  be  added  and  still  allow  con- 
crete to  compete  with  other  types  of  pavement.  There 
is  also  a  physical  limitation  to  the  amount  of  steel  that 
can  be  introduced  without  seriously  interfering  with 
the  effective  placement  of  the  concrete.  In  order  that 
the  steel  be  adequately  protected  from  corrosion,  it 
must  be  concentrated  in  about  the  middle  third  of  the 
slab  depth.  Another  factor  that  influences  the  dis- 
tribution and  hence  the  amount  of  longitudinal  steel 
that  can  be  used  is  the  necessity  for  some  degree  of 
flexibility  or  hinge  action  at  the  transverse  cracks  for 
the  relief  of  warping  stress. 

The  minimum  amount  of  longitudinal  steel  that 
should  be  considered  is  that  which  might  be  expected 
to  produce  some  definite  change  in  the  character  of  the 
cracking  as  compared  with  an  unreinforced  pavement. 

With  the  data  at  present  available  neither  the  upper 
nor  lower  limits  can  be  selected  with  any  degree  of 
precision.  For  the  present  study  the  minimum  amount 
of  longitudinal  steel  was  set  at  No.  6  wire  (0.192-inch 
diameter)  spaced  at  6-inch  centers  (22  pounds  of  longi- 
tudinal steel  per  100  square  feet  of  pavement).  This 
is  equivalent  to  a  32-pound  welded  wire  fabric,  which 
is  about  as  light  as  is  used  in  pavements  today. 

The  maximum  selected  was  1-inch  diameter  bars  on 
6-inch  centers.  This  amounts  to  534  pounds  per  100 
square  feet  and  exceeds  the  amount  in  any  known 
pavement  installation.  Between  the  upper  and  lower 
limits  of  longitudinal  steel,  intermediate  quantities  were 
chosen  to  give  a  fairly  uniform  range  of  reinforcement. 
The  transverse  steel  used  was  the  practical  minimum 
thought  necessary  to  secure  a  good  installation  of  the 
longitudinal  steel. 

THREE  TYPES  OF  STEEL  USED  IN  REINFORCING  SECTIONS 

The  number  and  length  of  the  sections  included  in 
the  pavement,  together  with  certain  details  concerning 
the  reinforcement,  are  given  in  tables  1,2,  and  3.  It 
will  be  noted  that  the  sections  of  pavement  included 
in  table  1  are  reinforced  with  welded  fabric;  those  of 
table  2  with  billet  steel  (intermediate  grade),  and  those 
in  table  3  with  rail  steel.  The  three  types  of  steel 
were  included  in  order  that  any  possible  advantages 
of  high  elastic  limit  steel,  for  the  type  of  construction 
being  considered,  might  be  revealed.  The  range  in 
steel  stress  for  each  class  of  steel  was  selected  to  cover 
what  was  considered  to  be  the  most  effective  range. 
Attention  is  called  to  the  fact  that  the  range  of  maxi- 
mum steel  stresses  is  such  as  to  permit  direct  compari- 
sons of  structural  action  to  be  made  between  sections 
containing  different  types  or  different  percentages  of 
longitudinal  steel. 


The  lengths  of  the  slabs  necessary  to  give  the  desired 
stresses  in  the  steel  were  calculated  on  the  basis  of 
the  estimated  stresses  caused  by  subgrade  resistance 
as  the  pavement  expands  and  contracts.  A  coefficient 
of  subgrade  resistance  of  1%  times  the  weight  of  the 
pavement  was  assumed  in  making  these  determinations. 

An  analysis  of  the  stress  conditions  in  a  longitudinally 
reinforced  section  during  a  temperature  drop  can  be 
made  with  reasonable  certainty  up  to  the  point  when 
the  concrete  fails  and  transverse  cracks  are  formed. 
Because  of  the  uncertainty  of  the  distribution  of  local- 
ized stress  in  the  steel  in  the  vicinity  of  the  cracks  it 
is  doubtful  if  a  rigorous  analysis  can  be  made  of  the 
distribution  of  stress  along  the  steel  after  the  concrete 
has  ruptured. 

Steel  stresses  calculated  on  the  assumption  that  the 
stress  is  due  entirely  to  the  effort  of  the  contracting 
steel  to  drag  with  it  along  the  subgrade  the  various 
segments  of  the  fractured  section  are  likely  to  be  both 
approximate  and  conservative.  For  the  present  pur- 
pose the  lengths  of  the  sections  that  are  presumably 
required  to  develop  given  steel  stresses  have  been  cal- 

Table  1. — Details  of  steel  reinforcement  in  experimental  reinforced 
concrete  pavement;  1  cold  drawn  wire  {welded  fabric) 

149-POUND 


Calcu- 

Reinforcement, size  and  spacing 

Num- 

Length 
of 

lated 
maxi- 

Weight 

ber 

of 

of 

each 

mum 

longi- 

sec- 
tions 

sec- 
tion 

stress 
in 

Longitudinal 

Transverse 

tudinal 
steel 

steel 

Pounds 

Pounds 

per 

per  100 

square 

square 

Feet 

inch 

feet 

6 

140 

25,000 

1 

6 

190 

35,000 

iNo.  4-0;  d  =  0.3938  inch; 

No.  3;  12  inches  center 

132 

6 

250 

45,000 

I    4  inches  center  to  center. 

to  center. 

6 

310 

55, 000 

J 

107-POUND 


6 

90 

25,000 

6 

130 

35,000 

6 

170 

45, 000 

6 

200 

55, 000 

No.  4-0;  d  =  0.3938  inch; 
6  inches  center  to  center. 


No.  3;  12  inches  center 
to  center. 


9] 


91-POUND 


80 

25,000 

110 

:;."., ) 

140 

j;,,  iiiiii 

170 

55,000 

No.  3-0;  d  =  0.3625  inch; 
6  inches  cen  ter  to  center . 


No.  4;  12  inches  center 
to  center. 


77 


65-POUND 


60 

25,  000 

80 

35,  000 

100 

45,  000 

120 

55,000 

No.  0;  d  =  0.3065  inch;  6 
inches  center  to  center. 


No.  6;  12  inches  center 
to  center. 


55 


45-POUND 


30 

25,000    | 

50 

35,000    1 

60 

45,000  If 

80 

55,000  ij 

No.  3;  d  =  0.2437  inch;  6 
inches  center  to  center. 


No.  6;  12  inches  center 
to  center. 


35 


32-POUND 


25,000  .. 

35,000  1 1  No.  6;  d  =  0.1920  inch;  6 

45, 000  i  f    inches  center  to  center. 

55,000 


No.  6;  12  inches  center 
to  center. 


i  Sections  are  10  feet  wide. 
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Table  2. — Details  of  steel  reinforcement  in  experimental  rein- 
forced concrete  pavement; '  billet  steel  bars  (intermediate  grade — 
deformed) 


Num- 
ber 
of 
sec- 
tions 

Length 
of  each 
section 

Calcu- 
lated 
maxi- 
mum 
stross 
in  steel 

Reinforcement  size  and  spacing 

"Weight 

of 
longi- 
tudinal 
steel 

Longitudinal 

Transverse 

2 
2 
2 
2 

4 
4 
4 
4 

4 

4 

4 
4 

6 
6 
6 
6 

6 
6 
6 
6 

Feit 
360 
600 
840 

1,080 

200 
340 
470 
610 

90 
150 
210 
270 

50 
80 
120 
150 

20 
40 
50 
60 

Pounds 

per 
3quare 

inch 
15, 000 
25.  000 
35,000 
45,  000 

15,000 
25,  000 
35,  000 
45,  000 

15,000 
25,  000 
35,  000 
45,  000 

15,000 
25,  000 
35,000 
45,  000 

15,  000 
25,000 
35,  000 
45,  000 

1 1-inch   round    bars;   6 

>  inches  center  to  cen- 
j    ter. 

|?i-inch  round  bars;  6 

>  inches  center  to  cen- 
J    "ter. 

JH-inch  round  bars;  6 

>  inches  center  to  cen- 
j    ter. 

1^-inch  round  bars;  6 

>  inches  center  to  cen- 
j    ter. 

J^-inch  round  bars;  6 
inches  center  to  cen- 
ter. 

i^-inch  round  bars;  24 
inches  center  to  cen- 
ter. 

H-inch  round  bars;  24 
inches  center  to  cen- 
ter. 

H-inch  round  bars;  24 
inches  center  to  cen- 
ter. 

5i-inch  round  bars;  24 
inches  center  to  cen- 
ter. 

Ji-ineh  round  bars;  12 
inches  center  to  cen- 
ter. 

Pounds 

per  100 

souare 

'feet 

534 

300 

134 

75 

33 

'  Sections  are  10  feet  wide. 


Table  3. — Details  of  steel  reinforcement  in  experimental  reinforced 
concrete  pavement,1  rail  steel  bars  (deformed) 


Num- 
ber 
of 
sec- 
tions 

Length 
of  each 
section 

Calcu- 
lated 
maxi- 
mum 
stress 
in  steel 

Reinforcement  size  and  spacing 

Weight 

of 
longi- 
tudinal 
steel 

Longitudinal 

Transverse 

2 
2 
2 
2 

4 
4 
4 

4 

4 
4 
4 
4 

6 
6 
6 
6 

6 
6 
6 
6 

Feet 

600 

840 

1,080 

1,320 

340 
470 
610 
740 

150 
210 
270 
330 

80 
120 
150 
180 

40 
50 
60 
80 

Pounds 

per 
square 
melt 
25,000 
35,000 
45,000 
55,000 

25,000 
35,000 
45,000 
55,000 

25,000 
35,000 
45,000 
55,000 

25,000 
35,000 
45, 000 
55,000 

25,000 
35, 000 
45,000 
55, 000 

1 1-inch   round    bars;   6 

>  inches  center  to  cen- 
J    ter. 

1%-inch  round  bars;  6 

>  inches  center  to  cen- 
J    ter. 

|H-lnch  round  bars;  6 

>  inches  center  to  cen- 
1    ter. 

|%-inch  round  bars;  6 

>  inches  center  to  cen- 
1    ter. 

1  J4-inch  round  bars;  6 

>  inches  center  to  cen- 
1     ter. 

J^-inch  round  bars;  24 
inches  center  to  center. 

J^-inch  round  bars;  24 
inches  center  to  cen- 
ter. 

H-inch  round  bars;  24 
inches  center   to   cen- 
ter. 

Ji-inch  round  bars;  24 
inches  center  to  cen- 
ter. 

M-inch  round  bars;   12 
inches  center  to  cen- 
ter. 

Pounds 

per  100 

square 

feet 

534 
300 

134 
75 
33 

•  Sections  are  10  feet  wide. 

culated  in  this  manner,  and  a  range  of  stresses  selected 
so  that  the  section  lengths  which  correspond  would 
cover  a  range  that  is  believed  to  be  sufficient  to  develop 
the  data  desired  for  each  percentage  of  steel. 

It  was  intended  that  in  each  group  the  longest  section 
would  have  sufficient  length  to  approach  the  elastic 
limit  of  the  steel  and  that  the  shortest  one  would  be 
short  enough  not  to  overstress  the  steel  and  conse- 
quently would  develop  no  open  cracks.  The  condi- 
tion of  the  slabs  of  intermediate  length  should  indicate 
what  maximum  length  might  be  used  for  each  percent- 
age of  steel  with  a  reasonable  assurance  that  such 
cracks  as  occurred  would  be  held  tightly  closed. 


For  practical  reasons,  the  standard  pavement  cross 
section  used  by  the  State  of  Indiana  was  adopted. 
This  is  a  9 — 7 — 9-inch  thickened  edge  section  20  feet 
wide.  The  longitudinal  joint  used  was  of  the  deformed 
metal  tongue-and-groove  type  with  %-inch  diameter  tie 
bars  spaced  at  60-inch  intervals. 

THREE  TYPES  OF  JOINT  USED 

Because  of  the  wide  range  and  unusual  lengths  of 
the  sections  in  this  pavement,  several  different  joint 
widths  were  selected.  It  was  not  possible  to  predict 
the  amounts  of  movement  that  would  occur  at  the 
ends  of  the  long  and  the  intermediate  length  sections 
because  the  degree  of  restraint  to  longitudinal  move- 
ment of  the  pavement  developed  by  the  subgrade  could 
not  be  accurately  predicted.  Three  types  of  joints 
having  different  joint  widths  were  designed,  however, 
using  the  best  information  available  in  caring  for  expan- 
sion and  contraction  of  the  various  section  lengths. 

The  type  I  joint  is  of  a  structural  steel  design  similar 
to  that  frequently  used  at  the  approaches  of  bridges. 
It  is  designed  to  allow  a  lK-inch  movement  in  each 
direction  and  is  used  at  points  where  two  sections  of 
intermediate  length  are  joined. 

The  type  II  joint  is  really  two  type  I  joints,  spaced 
10  feet  apart.  This  allows  an  effective  opening  of 
practically  twice  that  of  the  type  I  joints.  This  type 
is  used  where  two  of  the  longer  sections  are  joined. 

The  type  III  joint  is  of  the  conventional  dowel  type 
and  is  used  between  the  shorter  sections.  _ 

These  three  types  of  joints  are  described  in  more 
detail  and  illustrated  with  photographs  in  a  later  sec- 
tion of  this  report. 

Four  sections,  each  having  a  total  length  of  500  feet, 
were  included  in  which  special  joint  designs  and  methods 
of  reinforcing  were  employed.  The  details  of  design  of 
these  sections  are  as  follows: 

No.  1. — Submerged  type  weakened-plane  joints 
placed  at  intervals  of  10  feet.  Reinforcement  consisted 
of  a  91 -pound  welded  fabric  placed  continuously 
through  the  weakened-plane  joints.  The  bond  between 
the  steel  and  the  concrete  was  broken  for  a  distance  of 
18  inches  on  each  side  of  each  weakened-plane  joint  by 
omitting  the  transverse  steel  at  this  point  and  by 
greasing. 

No.  2.— This  section  was  a  duplicate  of  section  No.  1, 
except  that  it  was  reinforced  with  a  45-pound  welded 
fabric. 

No.  3. — Weakened-plane  joints  formed  by  grooves  at 
10-foot  intervals  in  the  surface  of  the  pavement.  Re- 
inforcement consisted  of  a  91-pound  welded  fabric, 
placed  continuously  through  the  weakened-plane  joints. 
The  bond  was  broken  foi  a  distance  of  18  inches  on  each 
side  of  each  weakened-plane  joint,  as  in  section  No.  1. 

No.  4. — This  section  was  a  duplicate  of  section  No.  3, 
except  that  it  was  reinforced  with  a  45-pound  welded 
fabric. 

The  amount  of  longitudinal  steel  in  the  91 -pound 
welded  fabric  is  77  pounds  while  that  in  the  45-pound 
fabric  is  35  pounds.  The  types  of  weakened-plane 
joints  used  in  this  part  of  the  pavement  are  shown  in 
figure  4. 

The  object  of  this  pavement  design  is  to  control 
cracking  and  to  eliminate,  as  far  as  possible,  warping 
stresses  in  the  pavement.  Breaking  the  bond  between 
the  steel  and  the  concrete  over  a  36-inch  length  at  the 
joints  permits  warping  of  the  pavement  slab  to  take 
place  more  freely  when  the  joint  edges  of  adjoining 
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TRANSVERSE  STEEL  OMITTEO  AND  BOND  ON  LONGITUDINAL   STEEL  BROKEN   FOR  36  INCHES 


r 


3  -  INCH  DIAMETER  OOWELS,    18  INCHES  LONG, 
*  IE  INCHES   CENTER  TO  CENTER, BOND  BROKEN 


WELDED  FABRIC 


r  ■"    * 


IMPREGNATED   FIBER  -— 


SHEET  COPPER  SEAL  CAP; 
FLANGES  PERFORATED  FOR  BOND 


SUBMERGED  TYPE 


TRANSVERSE  STEEL  OMITTED  AND  BONO  ON  LONGITUDINAL  STEEL  BROKEN  FOR  36  INCHES 

_  3.  -INCH  DIAMETER  DOWELS,    18  INCHES  LONG,  i 

4  \Z  INCHES  CENTER  TO  CENTER,  BOND  BROKEN 


i ' "~* — "UJ 

ASPHALT   FILLER  — » 


S=K 


-WELDED  FABRIC 


SURFACE  TYPE 
Figure  4. — Details  of  Wea.kened-Pl.yne  Joints.     Dowels  Omitted  in  Joints  in  One-Half  the  Length  of  Each  Section. 


slabs  are  in  contact,  because  when  warping  occurs,  a 
greater  length  of  steel  is  available  to  provide  the  neces- 
sary elongation  without  the  development  of  excessively 
high  tensile  stresses  in  the  steel. 

The  stress  conditions  that  may  develop  in  steel  re- 
inforcement passing  continuously  through  several  slab 
units,  as  in  this  design,  are: 

1.  That  caused  by  subgrade  resistance  as  the  whole 
slab  series  expands  or  contracts  about  its  group  center. 

2.  That  caused  by  the  tendency  of  each  short  slab 
unit  to  expand  and  contract  about  its  own  center. 
When  tliis  occurs,  a  resisting  or  opposing  force  is  set  up 
between  adjoining  slab  units  causing  a  change  in  tensile 
stress  in  the  steel  at  the  point  of  connection. 

3.  That  caused  by  resistance  to  bending  at  the  joints 
as  the  edges  of  the  pavement  are  warped  or  are  de- 
flected by  the  action  of  wheel  loads.  This  stress  is  the 
result  of  the  resisting  moment  set  up  between  the  steel 
and  the  ends  of  the  slab  in  contact  at  the  joint  as 
deflection  occurs. 

4.  The  shearing  stresses  caused  by  loads  passing  over 
the  joints. 

SURFACE  VIBRATION  USED  IN  PLACING  ALL  SECTIONS 

It  is  not  possible  to  calculate  accurately  any  of  these 
stress  conditions  with  the  knowledge  now  available. 
The  first  stress  condition  is  understood  better  than  the 
others  and  is  known  to  be  important  in  long  sections. 
It  is  thought  that  the  second  and  third  stress  condi- 
tions are  relieved  by  the  breaking  of  the  bond  at  the 
joints,  as  was  done  deliberately  in  that  part  of  the  ex- 
perimental pavement  just  described.  This  relief  is 
effective  because  only  a  limited  opening  of  the  joint  at 
the  point  where  the  steel  is  located  is  necessary  for  its 
accomplishment.  If  the  length  of  the  steel  that  is 
available  for  elongation  is  increased,  there  is  a  corre- 
sponding reduction  in  the  intensity  of  the  stress  in  the 
steel  because  the  movement  at  the  joint  remains  the 
same. 

There  is  no  practical  means  of  either  computing  or 
measuring  the  shearing  stresses  in  the  steel  at  weakened- 


plane  joints  of  the  type  included  in  this  part  of  the  pave- 
ment. It  is  possible  that  aggregate  interlock  will  re- 
lieve these  stresses  to  a  certain  degree,  but  whether  this 
will  be  sufficient  to  prevent  failure  of  the  steel  is  not 
known.  For  this  reason,  it  was  decided  to  place  shear 
bars  across  the  weakened-plane  joints  in  one-half  the 
length  of  each  of  the  four  sections.  If  it  is  later  found 
that  a  greater  number  of  failures  occur  in  the  steel  at 
the  joints  with  no  shear  bars  than  occur  in  those  with 
shear  bars,  it  will  be  a  reasonable  conclusion  that  shear- 
ing stresses  are  influencing  the  number  of  failures  which 
occur  in  the  steel. 

It  is  realized  that  the  stresses  that  will  occur  in  the 
steel  of  these  four  500-foot  sections  will  probably  be 
sufficient  to  cause  the  steel  to  break.  The  sections 
were  designed  with  this  in  mind  because  it  was  desired 
to  determine  the  number  of  breaks  that  will  occur  in  the 
steel  and  the  amount  of  opening  that  occurs  at  joints  in 
pavement  sections  designed  in  this  manner. 

Because  of  the  length  of  the  pavement  it  was  desir- 
able to  let  the  construction  of  it  under  two  separate  con- 
tracts. The  two  contractors  used  slightly  different 
materials  and  methods.  While  this  is  unfortunate  in 
a  test  pavement,  it  is  doubtful  if  the  differences  are 
sufficient  to  cause  serious  difficulty  in  the  interpreta- 
tion of  the  data. 

Because  of  possible  difficulties  in  the  consolidation  of 
the  concrete  in  the  sections  containing  large  amounts  of 
steel,  it  was  decided  to  apply  surface  vibration  to  all 
sections. 

The  materials  and  quantities  used  in  each  batch  of 
concrete  in  the  west  project,  F.  A.  P.  4  A-2  were  as 
follows:  Cement,  564  pounds;  sand  (wet),  1,336  pounds; 
stone  (small),  1,422  pounds;  stone  (large)  852  pounds. 

The  slump  ranged  between  %-inch  and  1  )'i  inches  and 
averaged  1.3  inches. 

The  materials  and  quantities  used  in  each  batch  of 
concrete  in  the  east  project,  F.  A.  P.  4  B-l  were  as 
follows:  Cement,  564  pounds;  sand  (wet),  1,252 
pounds;  gravel  (small),  1,441  pounds;  stone  (large) 
884  pounds. 
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The  slum])  ranged  between  1  inch  and  2){  inches  and 
averaged  1.5  inches. 

The  Indiana  specifications  do  not  require  that  the 
amount  of  sand  be  adjusted  on  the  basis  of  dry  weights, 
but  do  require  that  the  sand  be  allowed  to  stand  in 
stock  piles  for  48  hours  before  being  used.  For  tins 
reason,  the  actual  amount  of  sand  used  in  a  batch  of 
concrete  is  not  known. 

Attention  is  called  to  tlie  fact  that  crushed  stone  was 
used  exclusively  as  a  coarse  aggregate  in  the  west 
project,  while  in  the  east  project  the  small-size  coarse 
aggregate  was  gravel  and  the  large-size  aggregate  was 
crushed  stone.  The  large-size  coarse  aggregate  ranged 
in  size  from  '■>  inch  to  2){  inches,  while  the  small-size 
coarse  aggregate  ranged  from  No.  4  to  1  '■'  inches. 


Figure  5. — Construction  of  Slabs  Having  Welded  Fabric 
Reinforcement.  Upper,  Striking  Off  Concrete  Pre- 
paratory To  Placing  Welded  Fabric;  Lower,  Welded 
Fabric  in  Place. 

The  welded  fabric  reinforcement  was  placed  by  the 
strike-off  method  at  a  depth  of  2%  inches  from  the  top 
surface,  The  method  of  striking  off  the  concrete  pre- 
paratory to  placing  the  steel  is  shown  in  figure  5.  This 
figure  also  shows  the  welded  fabric  in  place  before  the 
upper  part  of  the  concrete  had  been  placed. 

The  bar  mat  reinforcement  was  erected  on  the  sub- 
grade  and  securely  wired  together  a  short  time  before 
the  placing  of  the  concrete.  This  type  of  reinforce- 
ment was  placed  at  the  mid-depth  of  the  pavement. 
It  was  supported  on  welded  chair  assemblies  attached 
to  the  transverse  bars.  The  three  views  of  figure  (i 
show  different  stages  in  the  placement  of  the  1-inch 
steel.  The  supports  were  welded  to  every  second 
transverse  bar  for  the  %-  and  %-inch  longitudinal  steel 
and  to  every  third  transverse  bar  for  the  larger  sizes. 
This  method  of  supporting  the  steel  proved  to  be  very 
effective. 
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Figure  d. — Installment  of  Heavy  Bar  Reinforcement. 
Tor,  Welded  Chair  Supports  and  Transverse  Bars 
Being  Placed;  Middle,  Longitudinal  and  Transverse 
Steel  Being  Placed;  Bottom,  Heavy  Par  Mat  Rein- 
forcement in  Place. 


Figure  7.— Type  I  Joint  Being  Placed  in  Position  on  the 
Subgrade  (Upper),  and  Appearance  of  Joint  After  Con- 
struction of  Pavement  Slabs  (Lower). 

CONSTRUCTION   OF  JOINTS  DESCRIBED  IN  DETAIL 

The  joints  used  between  the  experimental  sections 
were  described  in  a  general  way  earlier  in  the  report. 
The  upper  view  in  figure  7  shows  a  type  I  joint  being 
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Figure  8. — -Type  II  Joint  in  Place  on  the  Subgrade  Pre- 
paratory to  Placing  Concrete. 


BHNri 

x™ 

l_^-J^  jt 

Figure  9. — Type  III  Joint  in  Place  on  the  Subgrade  (Upper), 
and  Method  of  Holding  Dowel  Bars  in  Place  (Lower). 

placed  in  position  on  the  subgrade.  The  section  of 
joint  in  the  foreground  is  upside  down.  This  joint 
consists  essentially  of  two  2-inch  angles  and  a  cover 
plate.  The  angles  are  anchored  on  opposite  sides  of 
the  joint  while  the  cover  plate  is  rigidly  attached  to 
the  angle  on  one  side  of  the  joint  and  held  to  the  angle 
on  the  opposite  side  by  a  key  way  system  which  permits 
sliding.  The  different  parts  of  the  joint  assembly  are 
held  together  during  the  time  the  concrete  is  being 
placed  by  wooden  boards  that  may  be  removed  after 
the  concrete  has  hardened.  The  lower  view  in  figure  7 
shows  an  end  view  of  the  joint  after  the  concrete  has 
been  placed.  The  projecting  part  of  the  sheet  metal 
plate  shown  on  the  subgrade  is  to  be  turned  up  against 
the  edge  of  the  slab  to  close  the  joint  opening  before 
the  shoulder  is  completed. 

A  type  II  joint,  which  consists  of  two  type  I  joints 
placed  with  a  10-foot  slab  between,  is  shown  in  figure  8. 

The  type  III  joint  is  a  conventional  doweled  joint 
with  %-inch  plain  round  bars  spaced  12  inches  apart. 
A  general  view  of  this  type  of  joint  and  the  method  of 
holding  the  dowels  in  place  are  shown  in  figure  9. 

The  submerged  type  of  weakened-plane  joints  were 
formed  by  placing  impregnated  fiber  strips  on  the  sub- 
grade  at  the  points  where  the  joints  were  to  be  formed. 
The  height  of  these  strips  was  varied  so  as  to  keep  the 
top  uniformly  4%  inches  below  the  top  surface  of  the 
pavement.  A  copper  seal  was  placed  at  the  top  of 
the  groove  so  that  it  would  be  unnecessary  to  have  a 
watertight  seal  on  the  top  surface.  Figure  10  shows 
the  submerged  weakened-plane  joint  devices  in  place 
on  the  subgrade  before  placing  the  concrete.  The 
dowel  shear  bars  which  were  placed  at  one-half  of  the 
weakened-plane  joints  were  held  in  place  during  con- 
creting by  tying  them  to  the  longitudinal  bars  of 
the  fabric. 


Figure   10. — Devices   Used  in  Forming  Submerged  Weak- 
ened-Plane  Joints  in  Place  on  the  Subgrade. 


Figure    11. — Shear    Dowel    Bars    in    Place    at    Location 
Where  Weakened-Plane  Joint  Is  to  Be  Formed. 

Figure  11  shows  the  bars  in  place  at  one  of  these 
joints  before  placing  the  top  part  of  the  concrete. 
This  method  of  supporting  dowel  bars  is  not  recom- 
mended for  use  at  joints  where  longitudinal  movements 
of  appreciable  magnitude  are  expected,  because  of  the 
possibility  that  some  misalinement  may  develop  during 
the  placing  of  the  concrete.  In  this  instance,  however, 
with  the  10-foot  joint  spacing  and  with  longitudinal 
steel  placed  continuously  through  the  joints,  the  longi- 
tudinal movements  at  any  one  joint  should  be  quite 
small  and  with  the  close  supervision  given  all  construc- 
tion operations  it  was  thought  the  method  of  installa- 
tion would  be  satisfactory. 

Because  the  vibratory  method  of  placing  resulted  in 
dense  firm  concrete,  some  difficulty  was  experienced  in 
forming  the  grooves  in  the  top  of  the  pavement  for  the 
conventional  type  of  weakened-plane  joints.  This 
difficulty  was  satisfactorily  overcome  by  placing  a  vibra- 
tor on  the  T-bar  used  to  form  the  groove.  This  device 
is  shown  in  figure  12. 

The  concrete  mixer  was  kept  to  the  side  of  the  road- 
way during  the  placing  of  concrete.  This  allowed  the 
bar  mat  reinforcement  to  be  placed  a  short  distance  in 
advance  of  the  mixer.  The  two  views  in  figure  13 
show  the  placing  of  the  concrete  in  one  of  the  heavily 
reinforced  sections. 

As  mentioned  previously,  surface  vibration  was  used 
over  the  entire  length  of  the  pavement  in  order  to 
insure  good  compaction  of  the  concrete  throughout  the 
full  depth  of  the  pavement  and  the  proper  embedment 
of  the  steel.  A  pan-type  vibrator  was  used  on  the 
east  project  (F.  A.  P.  4  B-l).  The  pan  was  divided  in 
four  parts,  each  approximately  5  feet  in  length,  which 
were  connected  to  each  other  by  hinged  joints.  One- 
third-horsepower  vibrators  were  mounted  on  each  of 
the  four  units  of  the  pan  and  the  pan  was  mounted 
between  the  two  screeds  of  the  finishing  machine. 
During  operation,  the  pans  were  in  contact  with  the 
pavement  for  a  width  of  approximately  10  inches.  The 
vibrator  was  operated  during  two  forward  passes  and 
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Figure  12. — T-Bar  and  Vibrator  Used  in  Forming  Grooves 
for  Weakened-Plane  Joints. 


Figure   13.- 


-Concrete   Being   Placed  in  a  Heavily   Rein- 
forced Section. 


one  backward  pass  of  the  finishing  machine.  The  fin- 
ishing machine  with  the  pan  vibrator  mounted  is  shown 
in  figure  14. 

On  the  west  project  (F.  A.  P.  4  A-2)  the  vibration  of 
the  concrete  was  applied  through  the  front  screed  of 
the  finishing  machine  to  which  three  ^-horsepower  vi- 
brators were  mounted.  The  screed  was  of  the  bull- 
nosed  type  and  vibration  was  applied  to  the  concrete 
during  two  or  more  forward  passes  of  the  finishing 
machine. 

Special  vibrators  were  used  around  the  joints.  Two 
different  types  of  surface  vibrators  used  around  (he 
T}rpe  III  joints  are  shown  in  the  two  views  of  figure  15. 
An  internal  vibrator  was  used  around  the  type  I  and 
type  II  joints.     (See  fig.  16.) 

The  concrete  was  finished  in  a  conventional  way, 
except  that  a  mechanical  longitudinal  float  was  used 
on  the  west  project.  This  machine  is  shown  in  figure 
17. 

After  placing,  the  concrete  was  cured  with  wet 
burlap  until  the  next  morning.     The  burlap  was  then 

198848—40 2 


Figure   14. — Concrete  Finishing   Machine,   Showing  Pan- 
Type  Vibrator  Mounted  Between  the  Two  Screeds. 


Figure  15. — Vibrators  Used  Around  Type  III  Joints. 
Upper,  Vibrator  Used  on  East  Project;  Lower,  Vibrator 
Used  on  West  Project. 


rator  Used  Under  Types  I  and  II 
Joints. 


removed  and  the  concrete  was  covered  with  wet  straw 
for  seven  days.  Uniformly  excellent  weather  pre- 
vailed during  the  construction  of  the  entire  pavement. 
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Figure  17. — Longitudinal  Mechanical  Float  Used  on  the 
West  Project. 

schedule  of  observations  outlined 

In  general,  the  relative  value  of  the  various  sections 
in  this  experimental  pavement  can  best  be  determined 
by  a  study  of  their  behavior  under  traffic  over  a  period 
of  years.  All  of  the  sections  are  duplicated  at  least 
once  and  in  most  cases  there  are  four  or  six  sections  of 
a  given  type,  in  order  that  there  will  be  a  check  on  the 
performance. 

The  nature  of  the  pavement  makes  it  necessary  that 
very  close  examinations  be  made  of  the  sections  if  the 
history  of  the  performance  is  to  be  accurately  recorded. 
Transverse  cracking  is  frequently  quite  inconspicuous, 
yet  from  a  research  standpoint  its  presence  or  absence 
is  significant. 

The  detailed  examination  of  so  many  sections  entails 
a  very  considerable  amount  of  work  and  it  is  obvious 
that  there  are  practical  limitations  to  the  type  and 
number  of  surveys  that  can  be  made. 

Furthermore,  weather  conditions  at  different  seasons 
of  the  year  have  an  important  influence  on  the  cracking 
and  other  defects  that  develop  in  concrete  pavements. 
It  is  desirable,  therefore,  that  the  schedule  of  periodic 
examinations  be  such  as  to  give  as  much  information 
as  possible  regarding  the  seasonal  effects. 

With  these  conditions  in  mind,  it  was  decided  to 
select  certain  representative  sections  on  which  intensive 
studies  would  be  made  at  different  seasons  of  the  year 
and  to  give  the  entire  pavement  a  thorough  general 
condition  survey  once  a  year.  This  program  of  course 
is  subject  to  modification  if  developments  warrant. 

For  the  intensive  study  just  mentioned,  three  parts 
of  the  pavement,  each  having  a  length  of  approximately 
2,000  feet,  were  selected  and  the  details  of  each  are 
given  in  table  4. 

It  will  be  noted  that  the  first  part  is  located  in  the 
heavily  reinforced  pavement,  the  second  in  the  pave- 
ment having  a  medium  amount  of  reinforcement,  and 
the  third  in  the  pavement  reinforced  with  welded 
fabric.  These  different  parts  of  the  pavement  were 
located  so  as  to  eliminate,  as  far  as  possible,  all  variables 
except  the  amount  of  reinforcement.  The  intensive 
schedule  of  observations  which  is  to  be  made  on  these 
selected  sections  include  the  following: 

1.  A  detailed  crack  survey  in  which  a  special  effort 
is  made  to  find  all  the  cracks,  however  fine. 

2.  Precise  level  measurements  made  on  the  surface 
of  one  lane  of  the  pavement. 

3.  Measurements  of  horizontal  movements  at  the 
joints  in  the  longitudinal  direction  of  the  pavement. 

These  detailed  studies  of  the  selected  sections  are  to 
be  made  three  times  a  year,  in  the  fall,  winter,  and 
spring. 

The  annual  observations  made  over  the  full  length  of 
the  pavement  will  be  made  in  the  fall  of  the  year  and 
include  the  following: 


1.  A  general  crack  survey. 

2.  Measurements  of  horizontal  movements  at  the 
joints  in  the  longitudinal  direction  of  the  pavement. 

3.  General  observations  of  the  condition  of  the 
pavement. 

Precise  level  bench  marks  were  established,  at 
intervals,  along  one  edge  of  the  pavement  a  short  time 
after  the  completion  of  construction.  Subsequently 
level  measurements  were  taken  on  each  side  of  the 
joints  and  at  intervals  of  100  feet  along  the  full  length 
of  one  lane  of  the  pavement.  This  established  the 
normal  elevation  of  the  pavement.  It  is  not  intended 
to  make  further  level  measurements  at  regular  intervals, 
but  they  will  be  made  at  such  times  as  may  appear  to 
be  desirable,  either  over  the  full  length  or  on  certain 
parts  of  the  pavement. 

Table    4. —  Parts    of    pavement    on    which    intensive    studies    are 
being  made  ' 


Part 


No. 


Lenrth  ol 
section 


Number 
of  sections 


Feet 
600 
360 
1,080 

150 
330 
90 
150 
210 
270 

20 
30 
40 
50 
30 
50 
60 
SO 
60 
SO 
100 
120 


Length  of 
pavement 
included 


Feet 
600 
360 
1,080 

150 
330 
180 
300 
420 
540 

60 
00 
120 
150 
90 
150 
180 
240 
180 
240 
300 
360 


Longitudinal  reinforcement 


Type 


Rail- 
Billet 
Billet 

Rail- 
Rail.. 

Billet 
Billet 
Billet 
Billet 

32-lb. 

32-lb. 

32-lb, 

32-lb . 

45-lb. 

45-lb 

45-lb. 

45-lb. 

65-lb. 

65-lb. 

65-lb. 

65-lb. 


Size 


Inches 
1 
1 

1 


Spacing 
of  bars 


In :  lief 


Welded 
Welded 
Welded 
Welded 
Welded 
Welded 
Welded 
Welded 
Welded 
Welded 
Welded 
Welded 


fabric 
fabric 
fabric 
fabric 
fabric 
fabric 
fabric 
fabric 
fabric 
fabric 
fabric 
fabric 


1  Sections  are  10  feet  wide. 

Other  special  studies  that  are  contemplated  include: 

1.  Determination  of  the  movements  of  the  ends  of 
the  slabs  between  the  extreme  summer  and  winter 
conditions;  in  other  words,  the  maximum  annual 
change  in  length  of  the  various  lengths  of  slab. 

2.  Determinations  of  the  daily  movements  at  the 
ends  of  certain  selected  slabs.  These  measurements 
will  be  taken  on  days  when  large  variations  in  tempera- 
ture are  expected. 

3.  Measurement  of  the  absolute  movements  at  the 
two  ends,  the  center  and  at  the  two  quarter-points  of 
one  of  the  longest  slabs. 

The  device  used  in  measuring  the  absolute  movements 
of  the  ends  of  the  slabs  is  shown  in  figure  18.  The 
bench  mark,  at  the  right,  on  which  one  end  of  the 
device  is  resting,  is  a  pipe  that  has  been  driven  into 
the  ground  to  a  depth  of  9  feet  and  is  surrounded  by  a 
casing  28  inches  long.  There  is  a  small  hole  in  the 
cap  on  top  of  this  pipe  in  which  the  point  of  the  meas- 
uring device  is  placed.  The  point  on  the  left  end  of 
the  measuring  device  rests  in  a  small  hole  in  a  metal 
plug  placed  in  the  concrete.  The  vernier  attached  to 
the  point  on  the  left  makes  it  possible  to  determine  the 
slab  movements  to  1/100  of  an  inch.  It  is  necessary 
to  adjust  these  readings  to  obtain  the  actual  movements 
in  a  direction  parallel  to  the  longitudinal  axis  of  the 
pavement.  The  bench  marks  are  carefully  covered  to 
prevent  water  from  entering  and  the  shoulder  material 
is  replaced  immediately  after  taking  each  reading. 
(Continued  on  p.  218) 


THE  COST  OF  CURING  CONCRETE 
PAVEMENTS  WITH  COTTON 

MATS 


BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  ROBERT  A.  MARR,  Jr.,  Assistant  Testing  Engineer 


IN  CONNECTION  with  a  program  initiated  in  1936 
by  the  United  States  Department  of  Agriculture  for 

the  purpose  of  promoting  a  greater  utilization  of  cot- 
ton products,  the  various  State  highway  departments 
were  invited  by  the  Public  Roads  Administration  (then 
the  Bureau  of  Public  Roads)  to  cooperate  in  a  study  of 
the  possibilities  of  using  cotton  mats  for  curing  concrete 
pavements. 

Laboratory  tests  by  the  Administration  l  and  field 
tests  by  the  Texas  State  Highway  Department  2  had 
already  demonstrated  the  value  of  this  material  for 
curing  concrete.  Very  limited  data,  however,  were 
available  as  to  the  cost  of  curing  with  cotton  mats  com- 
pared to  other  accepted  methods.  It  was  felt  that  accu- 
rate data  along  this  line  could  be  obtained  only  through 
extensive  tests  on  actual  paving  jobs  located  in  various 
parts  of  the  United  States. 

The  State  highway  departments  of  23  States,  well 
distributed  geographically,  agreed  to  participate  in 
this  program.  A  total  of  90,000  mats,  valued  at 
$355,000,  was  furnished  these  States  by  the  Federal 
Government  without  cost.  This  quantity  would  he 
sufficient  to  cover  at  a  single  placement  approximately 
65  miles  of  20-foot  concrete  pavement.  The  mats  were 
made  available  to  the  States  on  the  condition  that  they 
be  used  in  an  approved  manner  in  concrete  pavement 
construction.  The  cooperating  highway  departments 
also  agreed  to  keep  records  of  the  life  of  the  mats  and 
average  unit  curing  costs  and  to  report  these  data  to 
the  Public  Roads  Administration. 

In  compliance  with  their  agreement,  20  of  the  23 
participating  States  have  filed  reports.  These  data 
represent  the  equivalent  of  068  miles  of  20-foot  pave- 
ment cured  by  this  method  under  widely  varying  condi- 
tions of  locale,  weather,  hourly  wage  rates,  etc.,  and 
extending  over  several  construction  seasons. 

The  cotton  mats  supplied  for  this  purpose  weighed 
approximately  24  ounces  per  square  yard.  They  were 
made  of  cotton  bats  quilted  between  cotton  sheets  of  a 
type  known  to  the  trade  as  "osnaburg."  The  full- 
length  mats  were  22  feet  6  inches  long  by  5  feet  9 
inches  wide  and  were  quilted  longitudinally  by  rows  of 
stitching  not  more  than  4  inches  apart.  For  overlap, 
a  6-inch  flap  was  provided  along  one  longitudinal  edge 
by  sewing  the  covers  together  without  batting.  Shorter 
mats  varying  in  length  from  10  feet  6  inches  to  14  feet 
6  inches  were  also  provided.  The  mats  conformed 
to  Specification  M  73-38  of  the  American  Association 
of  State  Highway  Officials.3 

Since  the  mat  covers  were  of  unshrunk  cloth,  con- 
siderable change  in  dimensions  was   to   be  expected. 

'Cotton  Mats  for  Curing  Concrete.    PUBLIC  ROADS,  vol.  14,  No.  5,  Julv  1933. 
Further  Tests  of  Cotton  Mats  for  Curing  Concrete.    PUBLIC  ROADS,  vol.  15, 
No.  9,  Nov.  1934. 

2  Curing  Concrete  Pavement  with  Cotton  Mats,  by  J.  G.  Rollins.  American 
Highways,  vol.  XIV.  No.  3,  July  1935. 

3  Standard  Specifications  for  Highway  Materials  and  Methods  of  Sampling  and 
Testing,  published  by  the  American  Association  of  State  Highway  Officials,  1220 
National  Press  Building,  Washington,  D.  C 


Data,  reported  by  seven  States  showed  an  average 
change  of  6  percent  in  the  longer  dimension  and  11 
percent  in  the  shorter.  Cases  were  reported  where 
individual  mats  were  too  short  after  shrinkage  to  cover 
the  pavement  when  laid  crosswise.  In  determining 
the  dimensions  of  future  mats,  proper  allowance  should 
be  made  for  such  shrinkage. 

SERVICE  LIFE  OF  50  USES  INDICATED 

The  specifications  provided  for  these  cotton  mats  to 
be  used  in  a,  manner  similar  to  burlap,  i.  e.  that  the 
saturated  mats  be  applied  to  the  concrete  as  soon  as 
possible  without  marring  and  that  they  he  kept  wet 
until  removed.  No  further  curing  treatment  was  re- 
quired. A  minimum  curing  period  of  72  hours  was 
specified  though  several  States  used  a  longer  period. 

The  estimated  life  of  an  individual  mat  as  reported 
by  14  States  ranged  from  a  minimum  of  15  uses  to  a 
maximum  of  100.  The  arithmetical  average  for  all 
States  reporting  was  47  uses,  while  a  weighted  average 
based  on  the  concrete  pavement  yardage  cured  was  63. 
Ten  of  the  14  States  reporting  lii'e  data  estimated  that 
the  mats  could  be  used  at  least  40  times  before  dis- 
carding them.  It  seems  conservative  to  state  that  cot- 
ton mats  manufactured  to  American  Association  of 
State  Highway  Officials  specifications  should  have  a 
life  of  50  uses  with  ordinary  care,  and  that  this  life  may 
be  increased  10  to  50  percent  by  extra  care  in  handling, 
drying,  and  storage. 

The  cost  of  the  mats,  as  delivered  to  certain  desig- 
nated points  in  the  States,  averaged  approximately  4S 
cents  per  square  yard  of  net  useful  coverage.4  For  an 
average  life  of  50  uses,  this  is  equal  to  about  1  cent  per 
square  yard.  This  value  checks  reasonably  well  with 
the  average  mat  cost  per  use  hi  eight  States  for  mats 
purchased  in  the  open  market  of  approximately  1%  cents 
per  square  yard. 

The  cost'of  curing  concrete  pavement  as  revealed  by 
reports  from  19  States,  excluding  the  material  cost  but 
including  supervision,  labor,  and  transportation,  aver- 
aged 2.15  cents  per  square  yard.  These  costs  were, 
of  course,  greatly  influenced  by  local  factors,  chiefly 
hourly  wage  rates  and  weather  conditions.  For  in- 
stance, the  minimum  State  average  of  1.08  cents  oc- 
curred where  labor  was  quoted  as  low  as  20  cents  per 
hour,  while  the  maximum  State  average  of  3.11  cents 
corresponded  to  an  hourly  w  age  rate  of  68  cents  per  hour. 
For  individual  projects  the  range  was  from  slightly 
over  %  cent  to  6  cents  per  square  yard.  On  one  project, 
heavy  rains  made  sprinkling  unnecessary  about  one- 
fourth  of  the  time.  This  helped  to  reduce  curing  costs 
40  percent  below  the  average  for  this  State. 


4  The  "net  useful  coverage"  is  the  actual  ana  of  pavement  slab  which  can  be  covered 
by  a  mat  of  specified  dimensions.  For  instance,  after  allowing  for  shrinkage,  overlap, 
and  overhanging  ends,  a  mat  having  gross  dimensions  of  22  feet  6  inches  by  6  foet  3 
inehes  will  cover  a  slab  20  feet  bvSfnet  in  area.  The  net  useful  coverage  of  the  mat  is, 
therefore,  100  square  feet  although  its  total  urea  is  approximately  1 12  square  feet. 
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Figure  1. — Cotton  Mats  in  Place  Being  Wet  Down. 

The  average  total  curing  cost,  obtained  by  adding 
the  average  material  and  usage  costs,  is  3.15  cents  per 
square  yard  (1  cent  material  cost  plus  2.15  cents  usage 
cost).  However,  as  certain  States  omitted  such  items 
as  cost  of  water  for  sprinkling,  transportation  of  mats 
to  and  from  the  project,  and  the  winter  storage,  it 
would  seem  safer  to  state  that  the  average  total  cost 
should  not  exceed  3.5  cents  per  square  yard.  In  nine 
States  the  cost  of  curing  with  cotton  mats  was  com- 
pared with  the  cost  of  curing  with  other  acceptable 
materials.  A  summary  of  these  direct  comparisons 
indicates  that  the  cost  of  cotton  mat  curing  is  in  general 
about  the  same  as  other  commonly  accepted  methods 
used  under  similar  conditions. 

All  of  the  State  reports  submitted  in  connection  with 
this  study  confirm  the  preliminary  laboratory  tests  by 
showing  a  high  efficiency  for  cotton  mat  curing  when 
judged  by  the  folio  whig: 

1.  Ability  to  maintain  a  film  of  moisture  over  the 
surface  of  the  concrete  during  the  curing  period. 

2.  Strength  of  cores  from  mat-cured  slabs  as  com- 
pared to  those  cured  by  other  standard  methods. 

3.  Insulation  of  slab  against  temperature  change. 

COTTON   MATS   HAD   GOOD   ABSORPTION   AND   RETENTION   OF 
MOISTURE 

Although  somewhat  difficult  to  wet  the  first  time,  due 
to  natural  oils  in  the  cotton  filler,  the  mats  will  absorb 
from  two  to  three  times  as  much  water  as  double  12- 
ounce  burlap.  Figure  1  shows  mats  in  place  being  wet 
down.  Comments  from  11  States  reveal  that  mats 
retain  this  absorbed  water  equally  as  well  as  earth  and 
better  than  burlap.  On  two  projects,  mats  receiving 
only  the^original  wetting  were  still  wet  on  the  under 
side  at  the  end  of  the  72-hour  curing  period. 

Core  tests  (based  on  incomplete  data)  show  that 
strengths  from  mat-cured  slabs  average  approximately 
the  same  as  those  cured  by  other  standard  methods. 

Cotton  mats  have  excellent  insulating  qualities. 
Temperature  measurements  taken  on  two  California 
projects  during  cold  weather  showed  that  the  average 
minimum  temperature  under  the  mats  was  40  percent 
higher  than  the  average  minimum  air  temperatures,  of 
which  some  were  within  the  freezing  range.  Even  when 
the  top  fabric  was  frozen  stiff,  the  under  surface  was 
still  soft  and  moist.  Two  Northern  States  also  found 
them  very  effective  in  preventing  freezing  of  concrete 
and  subgrade.  Limited  tests  made  on  a  few  mats, 
blackened  on  top  by  applying  a  light  coat  of  emulsified 
asphalt,  showed  the  average  maximum  and  minimum 
temperatures  under  them  to  be  29  percent  and  5  percent 
higher,  respectively,  than  those  under  uncolored  mats. 

Comments  by  the  States  reporting,  based  on  expe- 
rience, indicate  that  the  life  of  cotton  mats  can  be 
prolonged  by  proper  attention  to  certain  details,  neglect 


Figure  2. — Cotton  Mats  Disintegrate  Rapidly  If  Allowed 
To  Overhang  Onto  the  Subgrade  as  Shown. 


• 


Figure  3.— Portion  of  Concrete  Pavement  Slab  and  Cot- 
ton Mats  Used  in  Curing  It. 

of  which  hastens  deterioration.  A  few  such  precautions 
are  listed  below. 

If  cotton  mats  are  rolled  or  folded  and  left  damp,  even 
for  a  few  days,  mildew  sets  in,  destroying  the  covering 
fabric.  They  must  be  dried  at  the  end  of  a  job  and 
prior  to  storage.  Under  favorable  conditions,  mats 
may  be  left  on  the  slab  and  turned  until  dry;  but  un- 
favorable weather,  particularly  in  Northern  States, 
may  require  artificial  drying  indoors. 

Mats  should  be  so  stored  that  they  can  be  periodically 
inspected  for  mildew. 

When  saturated,  full-length  mats  weigh  approxi- 
mately 100  pounds.  If  the  center  is  allowed  to  drag 
on  the  slab,  particularly  in  removing,  this  portion  of 
the  fabric  soon  wears  out.  Full-length  mats  may 
easily  be  handled  by  two  men  from  a  movable  bridge. 
One  State  has  developed  a  special  type  of  bridge  with 
a  sloping  apron  from  which  mats  can  be  accurately 
placed  on  very  soft  concrete  without  marking. 

The  original  intent  was  for  mats  to  be  placed  cross- 
wise on  the  pavement  with  their  ends  overhanging  the 
edges  of  the  slab,  but  constant  contact  with  wet  earth 
was  found  to  cause  deterioration.  (See  fig.  2.)  It  was 
found  preferable  to  bank  the  edges  of  the  slab  with 
earth  and  to  fold  the  mat  ends  back  even  with  these 
edges.  Figure  3  shows  edges  of  mats  turned  back, 
exposing  the  concrete  surface. 

There  may  be  considerable  danger  from  fire  in  the 
use  of  cotton  mats,  particularly  on  projects  where 
traffic  is  maintained  in  an  adjacent  lane.  Even  though 
the  under  side  is  still  moist,  the  top  fabric  can  be  dry 
enough  to  be  ignited  by  lighted  cigarette  or  cigar  butts 
(Continued  on  p.  219) 


COST  OF  OPERATING  RURAL-MAIL- 
CARRIER  MOTOR  VEHICLES 


THE  report  Cost  of  Operating  Rural-Mail-Carrier 
Motor  Vehicles  on  Pavement,  Gravel,  and  Earth, 
by  R.  A.  Mover  and  Robley  Winfrey,  has  recently 
been  published  as  Bulletin  143  of  the  Iowa  Engineering 
Experiment  Station.  In  this  report  are  analyzed  cost 
records  of  293  motor  vehicles  as  follows:  248  automo- 
biles operated  by  rural  mail  carriers  in  Iowa,  43  in 
Indiana,  and  2  in  Alabama,  covering  170  routes. 

Operation  covered  the  period  from  November,  1935 
to  January,  1937.  The  report  is  based  upon  the  original 
cost  records  kept  by  the  individual  carriers.  These 
detailed  daily  records  covered  such  phases  of  operation 
as  miles  of  travel  on  each  type  of  road  surface,  rates  of 
travel,  weather,  number  of  stops,  load,  amounts  of 
gasoline  and  oil  used,  and  expenses  incurred  for  tires, 
maintenance,  garage,  license,  taxes,  insurance,  deprecia- 
tion, interest,  and  extra  help. 

Records  submitted  were  analyzed  to  determine  the 
average  total  cost  of  operation  on  pavement,  untreated 
gravel,  and  earth  roads  for  a  complete  year  and  for  the 
four  seasons.  The  results  obtained  apply  directly  only 
to  cars  operating  under  conditions  similar  to  those 
encountered  by  rural  mail  carriers. 

The  specific  results  are  summarized  as  follows: 

1.  The  average  operating  cost  for  cars  traveling  almost  exclu- 
sively on  pavement  and  gravel  was  3.8  cents  per  vehicle-mile  and 
7.8  cents  per  mile  for  cars  traveling  almost  exclusively  on  earth. 

2.  Extra  help  in  delivering  the  mail  cost  an  average  of  0.2  cent 
per  vehicle-mile  on  pavement  and  gravel  and  1.0  cent  per  mile 
on  earth. 

3.  The  cost  of  replacing  cars  with  men  on  foot  or  horseback, 
when  the  roads  were  impassable  to  cars,  averaged  approximately 
11  cents  per  mile  as  compared  to  an  average  cost  of  less  than  5 
cents  per  mile  with  the  cars  when  the  roads  were  passable. 

4.  The  graphical  solution  indicated  an  average  annual  mileage 
of  20,000  miles  for  cars  operated  exclusively  on  pavement  and 
gravel,  and  4,000  miles  for  cars  operated  exclusively  on  earth. 

5.  The  average  rate  of  travel  (including  stops)  on  the  route 
during  the  year  was  about  13  miles  in  an  hour  on  pavement  and 
gravel,  and  about  9  miles  in  an  hour  on  earth.  During  the 
summer  the  approximate  average  rate  on  pavement  and  gravel 
was  14J4  miles  in  an  hour  and  on  earth  1034  miles  in  an  hour, 
while  these  rates  were  respectively  11}£  and  7}i  miles  in  an  hour 
during  the  winter. 


6.  The  cost  of  gasoline,  oil,  and  maintenance  increased  from 
about  2  cents  per  mile  for  cars  with  life  mileages  under  10,000 
miles  to  3  cents  per  mile  for  cars  with  mileages  of  about  50,000 
miles.  A  similar  trend  was  indicated  for  these  costs  when  the 
age  of  the  car  increased  from  1  to  6  years,  but  there  was  no 
appreciable  change  for  cars  more  than  6  years  old. 

Results  by  the  statistical  method  of  least  squares  are: 

7.  The  average  cost  of  gasoline,  oil,  tires,  and  maintenance  for 
the  year  was  1.56  cents  per  vehicle-mile  on  pavement,  2.59  on 
gravel,  and  3.14  on  earth. 

8.  The  average  gasoline  mileage  obtained  was  15.02  miles  per 
gallon  on  pavement,  13.04  on  gravel,  and  13.52  on  earth. 

9.  The  oil  mileage  averaged  264  miles  per  quart  on  pavement, 
159  on  gravel,  and  113  on  earth. 

10.  During  the  winter  season  the  cost  of  gasoline  averaged 
1.50  cents  per  mile  on  pavement,  1.54  on  gravel,  and  1.58  on 
earth,  while  during  the  summer  these  unit  costs  were  1.21  cents 
on  pavement,  1.24  on  gravel,  and  1.13  on  earth. 

11.  During  the  winter  season  the  cost  of  maintenance  averaged 
0.28  cent  per  mile  on  pavement,  0.77  on  gravel,  and  1.70  on  earth, 
while  during  the  summer  season  these  unit  costs  were  0.05  cent 
on  pavement,  0.38  on  gravel,  and  0.63  on  earth. 

Other  results  may  be  summarized  as  follows: 

12.  The  average  factory  list  weight  of  the  mail-carrier  cars 
was  2,680  pounds  and  the  empty  weight  was  2,950  pounds  as 
compared  to  an  empty  weight  of  3,150  pounds  for  the  average 
Iowa  car.  The  average  weight  of  the  mail  carried  was  135 
pounds. 

13.  The  number  of  boxes  per  mile  of  route  averaged  4  on  pave- 
ment and  gravel  and  3%  on  earth. 

14.  The  total  average  annual  cost  of  operating  the  rural-mail- 
deliverv  cars,  based  on  an  annual  mileage  of  15,000  miles,  was 
$500.26  on  pavement,  $627.76  on  gravel,  and  $680.26  on  earth, 
or  3.34  cents  per  mile  on  pavement,  4.19  on  gravel,  and  4.54  on 
earth. 

15.  A  traffic  volume  of  63  vehicles  per  day  will  justify  an 
annual  interest  charge  of  4  percent  on  an  investment  of  $1,000 
per  mile  and  an  increased  maintenance  expenditure  of  $40  per 
year  per  mile  for  improving  a  county  trunk  earth  ro  ad  with  a 
gravel  surface,  based  on  the  0.35-cent-per-mile  difference  in 
motor-vehicle  operating  cost.  If  an  additional  charge  is  made  to 
amortize  this  investment  over  a  period  of  10  years,  a  traffic 
volume  of  128  vehicles  per  day  will  justify  the  change. 

16.  A  traffic  volume  of  25  vehicles  per  day  will  justify  the 
improvement  from  earth  to  gravel  if  travel  time  is  evaluated  as  it 
was  for  the  cars  in  this  study  and  if  the  amortization  of  the 
investment  is  included. 

17.  An  expenditure  of  0.5  cent  per  vehicle-mile  is  justified 
for  snow  and  ice  removal  from  pavement  during  the  three  winter 
months  when  the  difference  in  operating  cost  alone  is  consid- 
ered, and  1.22  cents  per  vehicle-mile  is  justified  when  the  time 
factor  valued  at  40  cents  an  hour  is  included. 


NEW  SUPPLY  OF  HANDBOOK  ON  TRANSITION 
CURVES  FOR  HIGHWAYS  PRINTED 

A  new  supply  of  Transition  Curves  for  Highways 
has  recently  been  printed  for  the  Superintendent  of 
Documents,  Government  Printing  Office,  Washington, 
D.  C.  This  handbook,  by  Joseph  Barnett  of  the 
Public  Roads  Administration,  contains  tables  with 
which  the  design  and  location  of  curves  with  transitions 
involve  only  simple  calculations.  The  rate  at  which 
the  first  supply  of  this  handbook  was  sold  indicates  a 
wide  interest  in  the  subject. 

!  Sections  of  the  handbook  discuss  speed  in  relation  to 
highway  design,  design  of  curves  with  equal  transitions 
by  use  of  tables,  design  of  curves  with  transitions  as  a 
general  case,  parallel  transitions,  transitions  for  com- 


pound curves,  adjusting  alinement  of  simple  curves  for 
transitions,  widening  pavements  on  curves,  and  right- 
of-way  lines  in  relation  to  transitions.  All  tables 
needed  in  applying  the  methods  described  are  included. 

The  handbook,  in  a  durable  binding,  is  available 
only  by  purchase  from  the  Superintendent  of  Docu- 
ments, Government  Printing  Office,  Washington,  D.  C, 
at  60  cents  a  copy.     There  is  no  free  supply. 

The  methods  described  in  this  handbook  are  now 
being  used  in  almost  every  State  and  in  many  foreign 
countries.  Recently  the  Public  Roads  Administration 
approved  the  use  of  the  handbook  by  the  Argentine 
Bureau  of  Roads  in  preparing  a  similar  publication  in 
Spanish,  using  metric  units  and  adapted  to  the  Argen- 
tine method  of  laying  out  curves. 
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(Continued  from  p.  214) 


Figure   18. — Device   Used  for   Measuring   Movements  at 
Ends  of  Slabs,  and   Bench   Mark   (Lower  Right). 


• 


• 


Figure  19. — Leveling  Rod  With  Special  Attachment. 

Since  the  combined  movements  of  the  ends  of  the 
two  slabs  at  a  joint  should  be  equal  to  the  total  change 
in  width  of  the  joints,  the  changes  in  the  widths  of  the 
joints  are  measured  as  a  check  on  the  measurements  of 
the  absolute  movements  of  the  ends  of  the  slabs. 
These  measurements  are  made  with  a  micrometer 
between  two  metal  points  set  in  the  concrete. 

Metal  points  were  set  in  the  concrete  at  the  points 
where  the  level  measurements  are  taken.  Figure  19 
shows  a  leveling  rod   resting  on   one  of  these   points. 


Figure  20. — -Typical  Crack  in  a  Heavily  Reinforced 
Section. 

All  measuring  points  were  set  slightly  below  the  surface 
of  the  concrete  so  that  they  would  not  be  disturbed  by 
traffic. 

(IINSIDERABLE    CRACKING    IN    LONGER   SECTIONS    AFTER    1    YEAR 

IN  USE 

The  experimental  pavement  was  approximately  1  year 
old  in  October  1939.  Approximately  \)'i  miles  had  been 
under  traffic  for  a  period  of  about  1  year  while  the  re- 
maining 4^  miles  had  been  in  service  for  about  6 
months.  A  large  number  of  fine  transverse  cracks  have 
occurred  in  the  central  portion  of  the  long,  heavily  re- 
inforced sections.  In  the  long  sections  containing  the 
%-  and  the  1-inch  diameter  longitudinal  bars,  the  dis- 
tance between  the  cracks  is  frequently  less  than  3  feet. 
There  is  an  appreciable  number  of  these  cracks  in  the 
longer  sections  containing  the  }2-inch  diameter  longitudi- 
nal bars,  but  relatively  few  in  the  shorter  sections  rein- 
forced with  this  amount  of  steel.  For  the  sections  con- 
taining the  smaller  amounts  of  reinforcement,  in  gen- 
eral the  number  of  transverse  cracks  which  have 
occurred  is  related  more  directly  with  the  length  of  the 
sections  than  it  is  with  the  amount  of  longitudinal  rein- 
forcement. There  is  practically  no  cracking  in  any  of 
the  sections  less  than  approximately  150  feet  long, 
regardless  of  the  amount  of  reinforcement. 

A  typical  crack  in  one  of  the  heavily  reinforced  sec- 
tions is  shown  in  figure  20.  These  cracks  are  not  ap- 
parent except  on  close  examination  and  are  very  similar 
to  those  that  occurred  very  early  in  the  life  of  the  heavily 
reinforced  sections  of  the  Columbia  Pike  experimental 
pavement.  As  stated  earlier  in  this  report,  the  cracks 
in  the  heavily  reinforced  sections  on  Columbia  Pike 
have  remained  closed  and  no  serious  spalling  or  disin- 
tegration has  occurred  in  their  vicinity.  It  seems  un- 
likely, therefore,  that  these  fine  cracks  in  the  heavily 
reinforced  sections  of  this  pavement  will  ever  cause 
serious  damage. 

The  sections  in  which  the  weakcned-plane  joints  were 
placed  at  intervals  of  10  feet  are  in  excellent  condition. 
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Figure  21. — Left,  Crack  That  Has  Occurred  at  a  Sub- 
merged Weakened-Plane  Joint;  Right,  Weakened-Plane 
Joint  With  Surface  Groove. 

It  will  be  recalled  that  these  sections  are  500  feet  long 
and  that  the  steel  reinforcement  is  continuous  through 


the  joints.  Two  of  the  sections  are  reinforced  with  a 
91-pound  and  two  with  a  45-pound  welded  fabric.  The 
bond  is  broken  between  the  steel  and  the  concrete  for  a 
distance  of  36  inches  at  each  joint. 

Cracks  have  occurred  in  the  surface  of  the  pavement 
over  all  except  one  of  the  submerged  weakened-plane 
joints.  The  high  stressing  of  the  steel  and  the  breaking 
of  the  bond  at  the  joints  has  allowed  these  joints  to 
open  an  appreciable  amount.  An  irregular  meandering 
crack  typical  of  those  over  the  submerged  weakened- 
plane  joints  is  shown  in  figure  21. 

The  weakened  plane  joints  of  the  conventional  type, 
which  were  formed  by  placing  grooves  in  the  top  sur- 
face of  the  pavement,  all  appear  to  be  in  excellent  con- 
dition. The  appearance  of  a  typical  joint  of  this  type 
is  shown  in  figure  21.  The  manner  in  which  the  seal  has 
been  maintained  at  these  joints  is  especially  impressive. 
This  tight  seal  can  undoubtedly  be  attributed  to  the 
fact  that  the  short  slab  lengths  and  the  continuous 
steel  through  the  joints  have  reduced  to  a  very  small 
amount  the  changes  in  width  of  the  joints  caused  by 
the  expansion  and  contraction  of  the  pavement. 


{Continued  from  p.  216) 

tossed  from  passing  cars.  Constant  patrolling  did  not 
prevent  the  destruction  by  lire  of  55  percent  of  all  mats 
in  one  Southwestern  State.  Losses  by  theft  can  be 
minimized  by  stencilling  a  serial  number  and  ownership. 
In  conclusion,  the  data  from  19  States  indicate  that 
the  cost  of  curing  concrete  pavements  with  cotton  mats 
should  not  exceed  that  of  other  accepted  methods. 
The  survey  also  corroborates  the  laboratory  findings 
that  such  mats  not  only  retain  moisture  in  the  concrete 
but  also  have  the  valuable  property  of  controlling  tem- 
peratures in  the  slab,  thus  providing  a  type  of  protec- 
tion not  afforded  by  the  usual  surface-sealing  materials. 
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PROGRESS  IN  STUDY  OF  MOTOR- VEHICLE 

PASSING  PRACTICES' 

BY  THE  DIVISION  OF  HIGHWAY  TRANSPORT,  PUBLIC  ROADS  ADMINISTRATION 

Repoited  by  O.  K.  NORM  ANN,  Associate  Highway  Economist 


KNOWLEDGE  of  the  manner  in  which  highways 
are  used  is  a  prerequisite  to  improving  their  design 
so  that  they  will  more  adequately  serve  highway 
users.  A  study  of  passing  practices  of  motor  vehicles  is 
part  of  a  research  program  recently  initiated  by  the 
Public  Roads  Administration  to  supply  information  on 
the  normal  driving  habits  of  vehicle  operators. 

During  the  fall  of  1938  studies  of  the  passing  practices 
of  motor  vehicles  were  conducted  on  four  sections  of 
highway  in  Maryland  and  Virginia  with  special  equip- 
ment developed  by  the  Public  Roads  Administration. 
A  report  describing  in  detail  the  methods  and  equip- 
ment used,  and  the  purposes  of  the  passing-practice 
studies,  has  been  published.2 

In  cooperation  with  State  highway  officials,  studies 
were  conducted  during  the  summer  of  1939  in  Massa- 
chusetts, Oluo,  and  Illinois,  and  studies  are  now  being 
conducted  in  Texas.  The  program  also  includes  studies 
in  California  and  Oregon  next  spring.  Upon  comple- 
tion of  the  field  work,  data  will  be  available  for  normal 
passing  practices  under  a  wide  variety  of  road  condi- 
tions, geographically  distributed  to  include  any  major 
differences  in  driving  habits. 

There  has  been  so  much  interest  manifested  wherever 
the  equipment  has  been  in  operation  that,  in  addition  to 
supplying  most  of  the  personnel  for  the  field  work,  dif- 
ferent State  officials  have  felt  that  the  information 
obtained  will  be  of  such  immediate  value  to  them  that 
they  have  desired  to  supply  the  personnel  necessary  for 
a  complete  analysis  of  the  data. 

Several  improvements  have  been  made  in  the  equip- 
ment to  reduce  the  time  required  to  install  it  on  the 
study  sections  and  to  permit  operation  at  night  and  on 
rainy  days.  The  most  important  improvement  has 
reduced  the  amount  of  work  required  in  transcribing 
the  field  records.  This  is  the  major  item  of  expense  in 
the  studies  and  has  been  reduced  to  less  than  two-thirds 
of  its  former  cost. 

The  detailed  data  for  1,635  passing  maneuvers  re- 
corded during  37 }i  hours  of  operation  on  the  four  study 
sections  in  Maryland  and  Virginia  are  now  ready  to  be 
placed  on  tabulating  machine  cards  prior  to  starting 
the  comprehensive  analysis.  Although  these  1,635 
passings  are  but  a  small  portion  of  the  total  number 
that  will  be  obtained  during  this  study,  they  will  be 
used  to  illustrate  the  method  of  analysis  and  some  of 
the  facts  with  respect  to  passing  practices  and  driver 
behavior  that  are  being  obtained. 

OVER   HALF    OF    PASSINGS   ACCOMPLISHED    BY   MULTIPLE 
MANEUVERS 

The  first  classification  of  the  passing  maneuvers  was 
made  by  separating  them  into  the  single-  and  multiple- 
passing  types.  In  the  single-passing  maneuvers,  one 
vehicle  passed  one  other  vehicle,  while  in  the  multiple- 
passing  maneuvers,  two  or  more  vehicles  cither  passed 
or  were  passed  by  one  or  more  vehicles. 

1  Paper  presented  at  the  Nineteenth  Annual  Meeting  of  the  Highway  Research 
Board,  December  6,  1939. 

2  Procedure  Employed  in  Analyzing  Passing  Practices  of  Motor  Vehicles,  t>\   E. 
H.  Holmes,  PUBLIC  ROADS,  vol.  19,  No.  11.  January  1939. 
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Table  1  shows  that  57.3  percent  of  the  passings  were 
accomplished  by  multiple  maneuvers  although  there 
were  only  about  half  as  many  multiple  maneuvers  as 
there  were  single  maneuvers  (one  vehicle  passing  two 
other  velucles  accounts  for  two  passings).  These 
figures  illustrate  the  importance  of  including  in  a  study 
of  passing  distances  and  practices  a  study  of  multiple- 
passing  maneuvers  as  well  as  single-passing  maneuvers. 

Table  1. —  Types  of  passing  maneuvers  observed   (average  traffic 
volume  375  vehicles  per  hour) 


Type  of  maneuver 

Maneuvers 
made 

Passings  accom- 
plished 

Sinele ..  

Nil  m  - 
her 
1,096 

181 
161 

63 
42 
30 
31 
13 
18 

Percent 
67.0 

11.  1 
9.8 
3  9 
2.6 
1.8 
1.9 
.8 
1.  1 

Num- 
ber 
1,096 

362 
322 
189 
168 

90 
136 
102 

99 

Perce,  ' 
42.7 

Multiple: 

1  vehicle  passing  2  vehicles  _. 

14.1 
12.6 

7  4 

2  vehicles  passing  2  vehicles 

3  vehicles  passing  1  vehicle- . .  

6.5 
3.  5 

5.3 

2  vehicles  passing  3  to  5  vehicles., ... 

All  other  multiple  passines ......     ... 

4.0 

3.9 

Total  multiple-. 

539 

33.0 

1,468 

57.3 

1,  635 

100.0 

2,  564 

100.0 

The  most  important  multiple-passing  maneuvers  are 
those  in  which  one  vehicle  either  passes  or  is  passed  by 
two  vehicles.  They  compose  63.5  percent  of  the  multi- 
ple maneuvers  and  46.6  percent  of  the  passings  accom- 
plished by  multiple  maneuvers.  Three  vehicles  passing 
four  other  vehicles  was  the  most  complicated  multiple- 
passing  maneuver  recorded. 

Figure  1  shows,  for  various  hourly  volumes,  the  per- 
centage of  the  total  number  of  maneuvers  and  passings 
accomplished  by  multiple-passing  maneuvers.  At  an 
hourly  traffic  volume  of  200  vehicles,  35  percent  of  the 
total  passings  were  accomplished  by  multiple  maneu- 
vers. At  traffic  volumes  above  450  vehicles  per  hour, 
this  figure  exceeds  60  percent. 

Figure  2  shows  the  average  number  of  maneuvers  and 
passings  observed  per  hour  on  the  four  half-mile  study 
sections  during  various  hourly  traffic  volumes.  As  ex- 
pected, there  is  a  marked  increase  in  the  number  of 
passings  as  the  volume  increases.  These  are  the  num- 
ber of  passings  accomplished  per  hour  and  not  the  num- 
ber of  passings  that  would  have  been  made  had  all 
vehicle  operators  that  desired  to  pass  been  able  to 
make  passing  maneuvers. 

One  vehicle  usually  passes  another  vehicle  because 
the  driver  wants  to  travel  faster  than  the  other  vehicle 
is  moving.  Within  the  half-mile  study  section  it  was 
generally  possible  to  determine  the  speed  that  the  driver 
of  the  passing  vehicle  desired  to  travel  by  noting  his 
speed  either  before  slowing  down  prior  to  making  the 
passing  maneuver  or  after  the  maneuver  was  completed. 

Table  2  shows  that  in  55  percent  of  the  passings  the 
passed  vehicle  was  traveling  from  31  to  40  miles  per 
hour.  The  speeds  of  the  passed  vehicles  in  nearly  all 
of  the  remaining  passings  were  almost  equally  distrib- 
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Figure  1. — Percentages  of  Total  Passing  Maneuvers  and 
Total  Passings  That  Were  Accomplished  by  Multiple- 
Passing  Maneuvers  at  Various  Traffic  Volumes. 

uted  between  the  21  through  30  and  41  through  50 
mile-per-hour  groups. 

This  table  also  shows  that  51.4  percent  of  the  drivers 
that  passed  desired  to  travel  less  than  11  miles  per  hour 
faster  than  the  passed  vehicle  and  that  the  desired  speed 
of  21.2  percent  was  less  than  6  miles  per  hour  faster. 
There  is  a  marked  decrease  in  the  average  difference 
between  the  speed  of  the  passed  vehicle  and  the  desired 
speed  of  the  passing  vehicle  as  the  speed  of  the  passed 
vehicle  increases.  Beside  showing  the  frequency  dis- 
tribution of  the  speeds  of  passed  vehicles,  these  data 
indicate  that  drivers  desiring  to  travel  at  a  slightly 
higher  speed  than  the  vehicle  ahead  would  rather  pass 
the  preceding  vehicle  when  the  opportunity  presents 
itself  than  reduce  their  speed  slightly  and  stay  behind. 

Table  2. — Single  passings  classified  by  the  speed  of  the  passed 
vehicle  and  the  desired  speed  of  the  passing  vehicle 


Desired  speed  of  passing  vehicle 

Speed  of  passed  vehicle  in  miles  per  hour 

in  miles  per  hour  taster  than 
speed  of  passed  vehicle 

20  and 

under 

21-30 

31-10 

41-50 

Over 
50 

Total 

Percent 

Percent 
1.9 
4.0 
6.7 
5.0 
2.9 
.2 

Percent 

11.2 

18.8 

17.0 

5.7 

1.0 

.1 

Percent 

7.8 

7.  1 

5.5 

.8 

.3 

.1 

Percent 

0.3 

3 

.3 

.  1 

Per  rent 
21.2 

0-10 

30  2 

11-15 ... 

0.4 
.7 
.3 
.3 

30.  5 

16-20     . 

12.2 

21-30 

5.2 

Over  30  ..          

Total -  . 

1.7 

20.7 

55.0 

21.6 

1.0 

100.0 

20.6 

14.2 

10.5 

8.6 

11.1 

Average  difference  in  speed  between  passed  and  passing  vehicle  (miles  per  hour) 


10.9 


Of  all  the  drivers  that  were  able  to  accomplish  single 
passing  maneuvers  on  the  study  sections,  table  3  shows 
that  84.4  percent  had  to  slow  down  before  they  could 
start  to  pass;  53.7  percent  slowed  down  to  practically 
the  same  speed  as  the  vehicle  they  were  going  to  pass, 
and  16  percent  slowed  down  to  within  5  miles  per 
hour  of  the  speed  of  the  vehicle  they  were  going  to 
pass.  About  one-third  had  to  slow  down  and  stay 
behind  the  preceding  vehicle  until  they  could  see  that 
the  road  was  clear  for  a  sufficient  distance  ahead  to 
permit  them  to  pass,  and  50.9  percent  had  to  slow  down 
and  wait  for  an  oncoming  vehicle  to  pass  before  they 
could  start  the  passing  maneuver.  The  other  15.6 
percent  were  not  required  to  slow  down  prior  to  start- 
ing the  maneuver.  They  may  have  had  to  slow  down 
after  completing  the  maneuver  but  they  started  the 
maneuver  at  their  normal  speed. 

When  the  drivers  of  the  passing  vehicles  had  com- 
pleted  the  passing   maneuvers   and   returned    to   the 
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Figure  2. — Total  Number  of  Maneuvers  and  Passings 
Accomplished  per  Hour  on  }^-Mile  Study  Sections  at 
Various  Hourly  Traffic  Volumes. 

right-hand  lane,  table  4  shows  that  the  left  lane  was 
clear  for  a  distance  of  less  than  500  feet  in  27  percent 
of  the  passings  and  that  there  was  an  oncoming  vehicle 
less  than  500  feet  away  in  16.8  percent  of  the  passings. 
The  data  for  the  passings  in  which  the  passing  vehicle 
was  not  forced  back  into  the  right  lane  by  oncoming 
traffic  or  limited  sight  distance  may  not  be  very  useful 
in  determining  minimum  passing  distances,  but  they 
will  show  actual  driving  practices  during  unrestricted 
conditions.  Driving  practices  during  unrestricted  as 
well  as  restricted  conditions  must  be  known  when 
designing  highways  to  fit  the  normal  driving  habits 
of  vehicle  operators. 

Table  3. — Percentage  of  vehicles  making  single-passing  maneu- 
vers that  were  delayed  before  starting  to  pass  (average  traffic 
volume  375  vehicles  per  hour) 


Slowed  down  to  same  speed  as  vehicle  to  be  passed. 
Slowed  down  to  within  5  miles  per  hour  of  the  speed 

of  the  vehicle  to  be  passed __ 

Slowed  down,  but  not  to  within  5  miles  per  hour  of 

speed  of  vehicle  to  be  passed 


Total  delayed  in  starting  maneuver. 
Total  not  delayed  in  starting  maneuver 


by  in- 
sufficient 

sight 
distance 


Percent 
18.0 


8.9 


33.5 


Delayed 
by  on- 
coming 
vehicle 


Percent 
35.7 


9.4 
5.8 


50.9 


Total 


Percent 
53.7 


16.0 
14.7 


84.4 
15.6 


100.0 


Table  4. — Distance  that  drivers  of  passing  vehicles  could  see  that 
left  lane  was  clear  at  the  time  the  passing  maneuver  was  completed 
(average  traffic  volume  375  vehicles  per  hour) 


Distance  that  left  lane  was  clear  (feet) 

Sight  dis- 
tance limit- 
ing factor 

Oncom- 
ing car 
in  view 

Total 

Less  than  500 . 

500  to  1,000 

Percent 
10.2 
19.0 
30.5 

Percent 
16.8 
16.0 
7.5 

Percent 
27.0 
35.0 

Over  1,000 

38.0 

Total 

59.7 

40.3 

100.0 

ILLUSTRATION    OF    DATA    OBTAINED    FOR     PASSING     MANEUVERS 

The  data  obtained  for  each  passing  maneuver  are 
illustrated  by  figures  3  to  9  inclusive,  each  representing 
one  of  seven  critical  positions.  All  speeds,  distances, 
time  intervals,  and  relative  positions  of  each  vehicle 
with  respect  to  the  other  vehicles  as  shown  in  these 
figures  were  obtained  from  the  data  sheet  for  one 
passing  maneuver. 
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Figure  3. — Critical  Positions  and  Speeds  of  Vehicles  at  Start  of  Passing  Maneuver. 
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Figure  4.— Critical  Positions  and  Speeds  of  Vehicles  at  Second  Stage  of  Passing  Maneuver. 


Similar  data  have  been  compiled  for  the  1,635  ma- 
neuvers recorded  on  the  study  sections  in  Maryland  and 
Virginia  and  also  for  500  of  the  maneuvers  recorded 
during  the  Massachusetts  studies.  It  is  not  intended 
that  this  much  detail  be  obtained  for  all  the  thousands 
of .  passings  that  will  have  been  recorded  when  the 
scheduled  field  work  is  completed,  but  the  factors  that 
appear  to  be  the  most  important  as  the  analysis  pro- 
gresses will  be  taken  from  the  field  records  for  enough 
maneuvers  to  obtain  a  representative  sample  of  each 


type  of  maneuver  at  a  series  of  speeds  for  each  available 
road  condition. 

Figure  3  shows  the  position  of  each  vehicle  that  is 
likely  to  affect  the  manner  in  which  the  passing  ma- 
neuver is  made.  At  this  instant,  vehicle  No.  3  starts 
to  accelerate  in  order  to  pass  vehicle  No.  2  and  possibly 
the  four  vehicles  ahead  of  vehicle  No.  2,  the  closest 
one  being  vehicle  No.  1,  a  distance  of  120  feet  ahead  of 
No.  2.  All  dimensions  between  vehicles  represent  the 
distances  between  the  front  of  vehicles.     Vehicles  Nos. 
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Figure  5. — Critical  Positions  and  Speeds  of  Vehicles  at  Third  Stage  of  Passing  Maneuver. 
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Figure  6. — Critical  Positions  and  Speeds  of  Vehicles  at  Fourth  Stage  of  Passing  Maneuver. 


4  and  5  are  oncoming  vehicles  in  the  opposing  lane  of 
traffic,  No.  4  being  the  vehicle  met  by  No.  3  before 
encroaching  on  the  left  lane,  and  No.  5  being  the  first 
oncoming  vehicle  met  by  No.  3  after  completing  the 
maneuver.  The  space  between  No.  4  and  No.  5  repre- 
sents the  "hole"  available  in  the  opposing  lane  of 
traffic. 

At  the  top  of  figure  3  is  shown  the  speed  of  each  of 
the  five  vehicles  over  the  portion  of  the  study  section 
traversed  up  to  this  point.  Vehicle  No.  3  entered  the 
section  traveling  about  40  miles  per  hour  but  has  been 


required  to  slow  down  to  31  miles  per  hour,  the  ap- 
proximate speed  that  No.  2  has  maintained.  (Table 
3  indicated  that  53.7  percent  of  the  observed  passing 
maneuvers  were  started  after  the  passing  vehicle  had 
slowed  down  to  the  same  speed  as  the  vehicle  to  be 
passed.) 

The  data  sheets  for  another  passing  maneuver  indi- 
cate that  vehicle  No.  1  has  just  finished  passing  No.  2 
and  has  also  slowed  down  to  a  speed  of  about  31  miles 
per  hour.  Vehicle  No.  4  is  approaching  at  a  speed  of 
31  miles  per  hour  and  No.  5  at  a  speed  of  42  miles  per 
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Figure  7. — Critical  Positions  and  Speeds  of  Vehicles  at  Fifth  Stage  of  Passing  Maneuver. 
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Figure  8. — Critical  Positions  and  Speeds  of  Vehicles  at  Sixth  Stage  of  Passing  Maneuver. 


hour,  but  No.  5  cannot  be  seen  by  vehicle  No.  3.  The 
fact  that  vehicle  No.  3  starts  to  accelerate  at  this  point 
indicates  that  the  driver  has  already  decided  to  attempt 
to  pass  even  though  No.  4  is  still  166  feet  away. 

In  the  second  position,  occurring  1.7  seconds  later 
and  shown  by  figure  4,  the  fronts  of  No.  3  and  No.  4 
are  parallel;  No.  3  has  accelerated  to  36  miles  per  hour 
and  is  now  74  feet  behind  vehicle  No.  2.  It  is  immedi- 
ately after  this  instant  that  the  driver  of  vehicle  No.  3 
has  his  first  opportunity  to  enter  the  left  lane  without 
hindrance  from  oncoming  traffic  (vehicle  No.  5  still 
being  out  of  sight). 


In  the  third  position,  occurring  1.1  seconds  later  and 
shown  by  figure  5,  vehicle  No.  3  first  encroaches  on  the 
left  lane  while  63  feet  behind  velucle  No.  2  and  traveling 
7  miles  per  hour  faster  than  the  vehicle  to  be  passed. 

In  the  fourth  position,  taking  place  2.7  seconds  later 
(fig.  6),  No.  3  is  entirely  in  the  left  lane  for  the  first 
time  and  is  still  37  feet  behind  vehicle  No.  2.  In  the 
meantime  vehicle  No.  2,  which  has  been  traveling  at  a 
uniform  speed  throughout  the  first  900  feet  of  the 
section,  starts  to  accelerate.  The  driver  evidently 
does  not  like  the  idea  of  being  passed  or  unintentionally 
steps  on  the  accelerator.     He  cannot  accelerate  very 
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Figure  9. — Critical  Positions  of  Vehicles  After  Completion  of  Passing  Maneuver  and  Speeds  of  Vehicles  Through 

Entire  Study  Section. 


long  without  hitting  No.  1  but  he  can  reduce  the  space 
between  his  car  and  vehicle  No.  1  so  that  No.  3  will 
be  required  to  crowd  his  way  back  to  the  right  lane. 
Neither  No.  2  nor  No.  3  can  as  yet  see  the  oncoming 
car  No.  5. 

Position  5  (fig.  7)  occurs  2.9  seconds  after  position  4, 
and  the  passing  vehicle  is  now  even  with  No.  2  and  is 
no  longer  accelerating.  Vehicle  No.  2  has  decelerated 
a  little  and  the  oncoming  vehicle  No.  5  is  now  in  view. 

From  figure  8,  representing  the  sixth  position  of  the 
maneuver,  it  is  seen  that  the  driver  of  the  passing 
vehicle  has  decided  not  to  try  to  pass  more  than  one 
vehicle  and  is  now  cutting  back  into  the  "hole"  between 
No.  1  and  No.  2.  This  occurs  2.7  seconds  after  No.  2 
and  No.  3  were  parallel.  Vehicle  No.  3  is  traveling  10 
miles  per  hour  faster  than  vehicle  No.  1. 

Figure  9,  the  seventh  position,  2.6  seconds  later, 
shows  that  the  passing  vehicle  completed  the  maneuver 
when  107  feet  from  the  oncoming  car.  After  returning 
to  the  right  lane,  the  speed  of  No.  3  decreased  until  it 
was  below  the  speed  of  vehicle  No.  1  and  then  increased 
to  the  same  speed.  All  vehicles  slowed  down  slightly 
going  around  the  curve. 

The  acceleration  and  deceleration  curve  for  the 
passing  vehicle  during  the  maneuver,  as  shown  in 
figure  9,  indicates  a  maximum  acceleration  of  2.3  miles 
per  hour  per  second.  This  is  considerably  lower  than 
any  rate  that  would  be  assumed  in  calculating  the 
minimum  passing  distance  under  similar  conditions. 

It  required  13.7  seconds  or  800  feet  to  complete  the 
maneuver.  The  passing  vehicle  spent  10.9  seconds 
and  traveled  650  feet  in  the  left  lane.     The  approaching 


vehicle  traveled  S34  feet  during  the  maneuver  and  662 
feet  while  the  passing  vehicle  was  in  the  left  lane.  The 
net  result  of  the  passing  maneuver  is  that  vehicles  No. 
2  and  No.  3  have  reversed  their  respective  positions. 
Providing  there  are  sufficient  passing  sections  and 
"holes"  in  oncoming  traffic  along  the  remaining  portion 
of  this  highway,  vehicle  No.  3  might  be  able  to  pass  two 
or  three  more  of  the  cars  of  this  group  before  getting  to 
the  next  town,  thereby  arriving  a  little  sooner  than  if 
no  attempt  were  made  to  pass.  It  may  be  possible 
for  No.  3  to  pass  all  the  preceding  vehicles  in  this  group 
at  the  next  section  of  highway  with  a  long  sight  dis- 
tance, providing  oncoming  traffic  does  not  interfere. 
Vehicle  No.  3  could  then  continue  at  the  desired  speed 
until  catching  up  with  the  next  group  of  cars  and  might 
reach  its  destination  somewhat  sooner  than  by  staying 
in  line.  It  is  evident  that  this  section  of  highway  with 
a  sight  distance  of  1,900  feet  provided  practically  no 
relief  from  restricted  travel  conditions  for  this  par- 
ticular vehicle. 

MOST  PASSINGS  STARTED  WITH  SIGHT  DISTANCE  OF 
1,000  FEET  OR  MORE 

Such  a  detailed  analysis  of  each  passing  necessarily 
takes  more  time  than  it  would  to  obtain  only  such 
factors  as  the  average  vehicle  speeds  and  the  total 
passing  distances,  but  the  relative  value  of  the  results 
will  more  than  compensate  for  the  increased  work. 

There  are  so  many  variable  factors  involved  in  each 
passing  that  it  would  require  almost  an  unlimited 
number  of  passings  to  obtain  a  representative  sample 
of  each  type  of  passing  maneuver  possible  by  different 
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Figure  10. —  Maximum  Distance  That  Drivers  of  Passing 
Vehicles  Could  See  That  Left  Lane  was  Free  of  On- 
coming Traffic  at  the  Time  They  Entered  the  Left 
Lane  During  Passing  Maneuvers.  (Including  Only 
Those  Vehicles  That  Slowed  Down  to  Same  Speed  as 
Vehicles  To  Be  Passed  Prior  to  Starting  the  Passing 
Maneuvers  on  Study  Section.) 

combinations  of  variables.  As  the  same  variable 
appears  in  many  different  types  of  passing  maneuvers, 
a  break-down  of  each  passing  into  its  component  parts 
will  permit  a  representative  sample  of  each  variable 
to  be  obtained  from  a  much  smaller  total  number  of 
passings  than  if  the  break-down  is  not  made.  The 
variables  may  then  be  recombined  to  form  composite 
passings  covering  all  types.  It  is  in  this  respect  that 
the  method  of  analysis,  made  possible  by  the  complete 
field  records,  will  differ  from  other  analyses  of  passing 
distances  and  practices  that  have  been  made. 

The  determination  of  distances  involved  in  a  passing 
maneuver  is  a  relatively  simple,  though  laborious,  oper- 
ation, but  the  determination  of  the  effect  of  highway 
alinement  and  of  driver  psychology  upon  future  design 
requirements  is  far  more  difficult.  Even  though  sec- 
tions of  sufficient  sight  distance  to  complete  individual 
passing  maneuvers  in  safety  are  provided,  they  will  not 
serve  their  purpose  unless  the  drivers  take  advantage 
of  their  opportunities  to  pass.  Figures  10  and  11  have 
been  constructed  from  the  data  for  single  passings  that 
took  place  at  one  particular  study  location,  where  vehi- 
cles traveling  in  either  direction  had  maximum  and 
minimum  sight  distances  of  1,900  and  200  feet,  respec- 
tively. To  eliminate  a  number  of  variables,  only  the 
passings  in  which  the  passing  vehicle  started  the  ma- 
neuver while  traveling  at  the  same  speed  as  the  vehicle 
to  be  passed  have  been  used. 

In  figure  10,  the  passings  have  been  classified  by  the 
maximum  distance  that  the  driver  of  the  passing  vehi- 
cle could  see  that  the  oncoming  traffic  lane  was  clear 
at  the  time  he  encroached  on  it.  Three  of  the  drivers 
encroached  on  the  left  lane  when  this  distance  was  be- 
tween 1,800  and  1,900  feet;  eight  encroached  when  this 
distance  was  between  1,700  and  1,800  feet,  etc.  In 
85.5  percent  of  the  passings,  the  distance  was  over 
1,000  feet  and  no  maneuvers  were  started  when  this 
distance  was  less  than  500  feet. 

Sixteen  vehicles  encroached  on  the  left  lane  before 
reaching  the  point  of  maximum  sight  distance.  Four- 
teen were  within  100  feet  of  this  point  and  two  were 
between  100  and  200  feet  away.  As  the  measured 
sight  distance  decreased  to  250  feet  immediately  before 
reaching  the  point  of  maximum  sight  distance,  the  driv- 
ers of  the  16  vehicles  either  could  see  farther  than  the 
measured  sight  distance  because  of  unusual  vehicle 
construction,  or  the  drivers  started  the  passing  maneu- 
vers knowing  or  hoping  that  the  sight  distance  would 
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Figure  11. — Maximum  Distance  That  Drivers  of  Passing 
Vehicles  Could  See  That  Left  Lane  Was  Free  of  On- 
coming Traffic  at  Time  Passing  Maneuvers  Were  Com- 
pleted. (Including  Only  Those  Vehicles  That  Slowed 
Down  to  Same  Speed  as  Vehicles  To  Be  Passed  Prior  To 
Starting  the  Passing  Maneuvers  on  Study  Section.) 

increase  while  they  still  had  a  chance  to  return  to  the 
right  lane  in  case  an  oncoming  vehicle  came  into  view. 
All  16  vehicles  reached  the  point  of  maximum  sight  dis- 
tance before  getting  entirely  in  the  left  lane. 

The  passings  in  each  of  these  distance  groups  have 
been  divided  by  a  heavy  horizontal  line  into  two  groups. 
The  sight  distance  limited  the  distance  that  the  driver 
could  see  a  clear  left  lane  in  all  the  passings  above  the 
heavy  horizontal  line.  There  was  an  oncoming  vehicle 
in  sight  when  the  driver  encroached  on  the  left  lane  in 
all  the  passings  shown  below  the  heavy  line.  In  only 
six  of  the  passings  did  the  driver  encroach  on  the  left 
lane  when  there  was  an  oncoming  vehicle  in  view  and 
not  a  passing  was  started  when  the  driver  could  see  an 
oncoming  vehicle  within  1,000  feet.  With  no  oncoming 
vehicle  in  view,  passings  were  started  when  the  sight 
distance  was  as  low  as  500  feet  but  relatively  few  were 
started  below  1,000  feet,  there  being  a  marked  drop  at 
this  point. 

OPPORTUNITIES    TO    PASS    NOT    UTILIZED    TO    MAXIMUM    EXTENT 

The  passings  are  further  classified  into  two  groups  as 
determined  by  whether  or  not  the  driver  had  to  wait 
for  an  oncoming  vehicle  before  starting  the  maneuver. 
All  of  the  passings  that  are  cross-hatched  represent 
maneuvers  in  which  the  passing  vehicle  was  immediately 
behind  the  vehicle  to  be  passed  upon  reaching  the  point 
of  maximum  sight  distance  and  could  have  started  the 
passing  maneuver  immediately.  The  areas  that  are  not 
cross-hatched  represent  passings  that  could  not  have 
been  started  at  the  point  of  maximum  sight  distance, 
because  the  driver  had  to  wait  for  oncoming  traffic  to 
pass  before  encroaching  on  the  left  lane.  Sixty-one 
(49.2  percent)  of  the  124  passings  that  were  made  could 
have  been  started  immediately  upon  reaching  the  point 
of  maximum  sight  distance.  In  the  other  50.8  percent, 
the  passing  vehicle  waited  for  an  oncoming  car  after 
reaching  the  point  of  maximum  sight  distance  before 
starting  to  encroach. 

This  one  figure  in  itself  contains  an  enormous  quan- 
tity of  information  regarding  driver  behavior.  The 
number  of  drivers  that  did  not  attempt  to  pass  until 
after  reaching  a  point  where  the  sight  distance  was  con- 
siderably less  than  it  was  where  they  could  have  started 
to  pass  is  surprisingly  large  and  offers  excellent  data  for 
a  study  of  combined  perception  and  judgment  time. 
(Continued  on  page  237) 


SAMPLE  OF  DATA  OBTAINED  IN  STUDY  OF 
MOTOR- VEHICLE  PASSING  PRACTICES  IN 
ILLINOIS 

By  F.  N.  BARKER,  Engineer  of  Highway  Research,  Illinois  Division  of  Highways 


A  COMMON  and  one  of  the  most  annoying  condi- 
tions that  tend  to  reduce  the  traffic  capacities  of 
two-lane  rural  highways  is  the  presence  on  these 
roads  of  vehicles  moving  at  slow  speeds.  Where  sight 
distances  are  restricted,  where  oncoming  traffic  is 
heavy,  or  where  other  conditions  are  such  that  passing 
maneuvers  cannot  be  executed  safely,  these  slow-moving 
vehicles  restrict  vehicle  drivers  who  wish  to  travel  at 
greater  speeds.  Under  such  conditions  passenger  ve- 
hicles move  slowly  because  they  are  compelled  to,  not 
because  of  any  mechanical  limitation  of  the  vehicle 
itself.  Motortrucks,  however,  are  often  loaded  to  a 
weight  in  excess  of  that  which  the  engine  is  able  to  move 
at  a  reasonable  road  speed,  especially  on  the  steeper 
grades. 

During  September  and  October  1939,  the  Illinois 
Division  of  Highways  cooperated  with  the  Public 
Roads  Administration  in  conducting  studies  of  truck 
performance  on  medium  and  heavy  grades,  using  equip- 
ment developed  by  the  Public  Roads  Administration 
and  described  in  the  January  1939  issue  of  PUBLIC 
ROADS.  These  studies  were  made  on  typical  two-lane 
roads  carrying  normal  traffic  volumes  and  were  con- 
ducted so  that  the  presence  of  the  observers  and  equip- 
ment had  no  effect  on  the  performances  of  the  vehicles 
Detectors  spaced  at  50-foot  intervals  over  the  test 
section  were  the  only  part  of  the  equipment  visible  to 
the  drivers.  These  detectors  were  small  rubber  tubes, 
connected  through  pneumatic  switches  and  electrical 
circuits  to  recording  instruments.  Vehicles  passing 
through  the  course  actuated  successive  pens  on  the 
instruments,  which  recorded  the  time  of  passage  of 
each  vehicle  through  successive  segments  of  the  course. 
Travel  on  each  of  the  two  lanes  was  recorded  on 
separate  charts,  so  that  a  vehicle  straddling  the  center 
line  was  recorded  on  both  charts.  The  license  numbers 
of  commercial  vehicles  were  recorded  as  they  entered 
the  course  and  these  vehicles  were  stopped  and  weighed 
a  considerable  distance  beyond  the  section. 

Analysis  of  the  data  collected  in  the  Illinois  study 
is  yet  in  a  preliminary  stage.  Until  this  analysis  is 
completed  for  all  of  the  data  collected  in  different 
sections  of  the  State  under  various  conditions  of  traffic 
and  road  alinement  so  as  to  provide  a  complete  cross 
section  of  vehicle  behavior  on  grades,  and  until  these 
results  are  compared  with  the  results  of  similar  studies 
made  in  other  States,  no  definite  conclusions  can  be 
drawn  or  recommendations  made.  It  is  already  ap- 
parent, however,  that  studies  of  this  nature  will  ulti- 
mately provide  a  wealth  of  reliable  data  which  will  be 
useful  in  establishing  design  standards  and  in  deter- 
mining reasonable  and  desirable  standards  of  motor- 
vehicle  performance. 

As  a  demonstration  of  the  type  of  basic  data  ob- 
tained in  truck  performance  studies,  figure  1  has 
been  developed.  This  is  a  chart  of  the  passage  of  a 
typical  group  of  vehicles  through  a  course  located  on 
II.  S.  Route  GG  near  Edward sville,  111.,  between  3  :  09  :  45 
p.  m.  and  3  :  14  :  55  p.  m.  (a  period  of  310  seconds') 
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on  October  4,  1939.  This  location  was  on  a  20-foot 
pavement  consisting  of  an  18-foot  brick  surface,  with 
1-foot  concrete  edges  and  a  light  gutter  on  each  side. 
The  rate  of  grade  was  G  percent  within  the  limits  of 
the  course.  Conditions  were  ideal  on  the  day  of  the 
observations — pavement  dry,  weather  clear,  and  visi- 
bility excellent. 

PROGRESS  OF  EACH  VEHICLE   THROUGH  TEST  SECTION  CHARTED 

For  convenience,  vehicles  ascending  the  grade  are 
numbered  on  figure  1  in  the  order  of  their  entrance 
into  the  section.  Opposing  velncles  are  not  numbered 
because  there  were  few  of  them  and  their  paths  through 
the  section  are  easily  followed.  The  vertical  scale 
shows  the  distance  the  vehicle  has  traveled  from  the 
bottom  of  the  grade  at  the  times  shown  on  the  hori- 
zontal scale. 

Information  readily  taken  from  the  chart  indicates: 

1 .  The  position  of  each  vehicle  at  any  time  with 
respect  to  any  other  vehicle  on  the  section  at  the  same 
time,  regardless  of  direction  of  travel. 

2.  The  time  and  point  on  the  course  at  which  each 
vehicle  first  encroached  on  the  opposing  traffic  lane, 
the  duration  of  this  encroachment  in  time  and  distance, 
and  the  time  and  point  at  which  the  vehicle  returned 
to  the  proper  lane. 

3.  The  speed  of  each  vehicle  through  each  50-foot 
section  of  the  course  (indicated  by  the  slope  of  the 
line  representing  the  progress  of  the  vehicle). 

4.  The  acceleration  or  deceleration  of  each  vehicle 
through  any  portion  of  the  course  (indicated  by  the 
rate  of  change  of  the  slope  of  the  line  representing  the 
vehicle's  progress). 

Vehicle  Xo.  1  was  a  tractor-truck  semitrailer  com- 
bination with  a  manufacturer's  rated  capacity  of  1% 
tons  and  a  gross  weight  of  16,500  pounds.  This  com- 
bination entered  the  course  at  20  miles  an  hour,  but 
slowed  to  about  5%  miles  an  hour  at  450  feet,  or  after 
25  seconds  of  travel  on  the  course.  This  speed  gradually 
decreased  to  4.9  miles  an  hour  at  which  speed  the  vehicle 
left  the  test  section. 

Vehicle  No.  2,  which  was  a  passenger  car  following 
this  combination  as  it  entered  the  course,  crossed  into 
the  opposing  traffic  lane  after  traveling  250  feet  on  the 
course,  with  the  apparent  intention  of  passing  vehicle 
No.  1.  An  oncoming  vehicle  prevented  this  maneuver 
so  that  vehicle  No.  2  was  forced  to  return  to  its  proper 
lane.  The  driver  of  the  oncoming  vehicle  decreased 
his  speed  appreciably  until  he  was  certain  that  the 
dirver  of  vehicle  No.  2  had  abandoned  his  attempt  to 
pass,  after  which  he  accelerated  and  left  the  course  at 
30  miles  an  hour.  After  meeting  the  descending 
vehicle,  the  driver  of  vehicle  No.  2  accelerated  to  a 
speed  of  25  miles  an  hour,  passed  vehicle  No.  1,  and 
left  the  course  at  a  speed  of  35  miles  an  hour.  During 
this  passing  maneuver  vehicle  No.  2  encroached  on  the 
opposing  traffic  lane  for  a  distance  of  205  feet. 

Vehicle  No.  3  was  a  tractor-truck  semitrailer  com- 
bination, with  a  manufacturer's  rated  capacity  of  2  tons 
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Figure  1. — Time-Distance  Curves  Showing  Progress  of  Vehicles  Through  Test  Section.  Curves  Sloping  to  Right  Indi- 
cate Vehicles  Ascending  the  Hill;  Curves  Sloping  to  Left  Indicate  Descending  Vehicles.  Ordinate  Between  Any 
Two  Curves  Indicates  Distance  in  Feet  Between  Front  Axles  of  Respective  Vehicles.  Vehicles  Nos.  1,  3,  5,  and 
8  Are  Tractor  Truck  Semitrailer  Combinations;  Vehicle  No.  13  Is  a  Medium  Truck;  All  Other  Vehicles  Are 
Passenger  Cars. 


and  a  gross  weight  of  17,000  pounds.  This  vehicle 
entered  the  course  at  18  miles  an  hour,  but  after  travel- 
ing about  450  feet  its  speed  had  decreased  to  5  miles  an 
hour,  which  was  approximately  maintained  throughout 
the  remainder  of  the  course. 

Vehicle  No.  4,  a  passenger  car,  passed  this  combina- 
tion after  following  it  for  about  475  feet  on  the  course 
but  was  prevented  by  oncoming  vehicles  from  passing 
vehicle  No.  1.  Vehicle  No.  4  was  forced,  therefore,  to 
follow  vehicle  No.  1  out  of  the  course  at  a  speed  of  about 
5  miles  an  hour. 

Vehicles  Nos.  6  and  7  were  successful  in  passing 
vehicles  Nos.  5  and  3,  vehicle  No.  7  accomplish  ng  this 
on  the  second  attempt,  but  both  were  prevented  by 
oncoming  traffic  from  passing  vehicles  Nos.  1  and  4. 
It  is  apparent  from  the  varying  slope  of  the  charted 
course  of  vehicle  No.  6  that  the  driver  considered 
abandoning  his  attempt  to  pass,  but  accelerated  and 
completed  the  maneuver.  It  is  interesting  to  note  the 
small  clearance  between  vehicle  No.  6  and  the  oncoming 
vehicle  as  the  former  passed  vehicle  No.  5.  The 
vertical  distance  between  the  upper  end  of  the  dotted 
section  of  his  path  as  he  passed  vehicle  No.  5  and  the 
position  of  the  oncoming  vehicle  at  the  same  time  indi- 
cates that  vehicle  No.  6  returned  to  its  own  lane  with 
only  about  100  feet  of  clearance  from  the  oncoming 
vehicle. 

The  remaining  ascending  vehicles  numbered  8  to  17, 
which  entered  the  section  during  the  period  of  observa- 
tion covered  by  the  chart,  were  all  prevented  by 
oncoming  traffic  from  passing  any  of  the  vehicles  ahead 
of  them  and  were  forced  to  follow  in  line  behind  vehicle 
No.  3  at  its  speed  of  about  5  miles  an  hour. 
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Vehicles  Nos.  15  and  16  are  the  only  ones  recorded 
on  this  diagram  entering  the  course  at  speeds  which 
were  apparently  unrestricted  by  preceding  vehicles 
or  heavy  loads.  For  vehicle  No.  15  this  speed  was 
44  miles  an  hour  and  for  vehicle  No.  16  the  speed  was 
36  miles  an  hour.  These  are  reasonable  speeds  for 
this  location  and  it  may  be  assumed  that  they  are  the 
speeds  the  drivers  of  these  two  vehicles  desired  to 
maintain  throughout  the  course.  As  they  approached 
the  line  of  vehicles  following  veliicle  No.  3,  however, 
they  were  forced  to  decelerate  to  a  speed  approximating 
that  of  vehicle  No.  3. 

Pictures  were  taken  of  velucles  on  the  test  section  at 
points  on  the  time  axes  designated  "AA"  and  "BB"  in 
figure  1.  Figure  2  shows  the  vehicles  at  the  instant 
designated  "AA"  and  figure  3  the  vehicles  at  "BB." 
These  two  photographs  show  a  condition  that  is  fre- 
quently encountered  on  sections  having  short  sight 
distances,  that  of  a  group  of  vehicles  ^  which  have 
accumulated  behind  a  slow-moving  vehicle  and  are 
prevented  from  passing  by  inadequate  sight  distances 
or  oncoming  traffic.  In  figure  2,  veliicle  No.  15  is  the 
last  car  in  line,  while  in  figure  3  vehicle  No.  17  is  catch- 
ing up  with  the  group  of  vehicles  ahead. 

SEVERAL    REMEDIES    AVAILABLE    TO    RELIEVE   SUCH    CONGESTION 

Two  of  the  five  commercial  vehicles  included  in 
figure  1,  vehicles  Nos.  1  and  13,  did  not  carry  Illinois 
registration  plates.  Vehicle  No.  1  was  obviously 
loaded  in  excess  of  the  weight  that  would  allow  a 
reasonable  performance  on  this  grade,  but  vehicle 
No.  13  carried  a  load  well  within  its  capacity.  Exam- 
ination of  the  charted  path  of  this  vehicle  through  the 
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FIGURE 


Climbing  Hill  at  Instant  Designated 
"AA"  in  Figure  1. 


course  indicates  that  the  driver  desired  to  proceed  up 
the  grade  at  a  higher  speed  than  that  which  he  was 
forced  to  maintain.  At  a  point  525  feet  from  the  start 
of  the  course  vehicle  No.  13  moved  into  the  opposing 
traffic  lane  and  accelerated  in  an  attempt  to  pass  the 
two  vehicles  ahead.  Oncoming  traffic  prevented  the 
passing  maneuver  and  vehicle  No.  13  was  forced  to 
remain  in  fine. 

Trucks  are  registered  in  Illinois  according  to  gradu- 
ated gross  weight  classifications.  There  is  no  restric- 
tion other  than  the  higher  fee  which  would  tend  to 
discourage  registration  of  a  vehicle  of  low  weight  carry- 
ing capacity  in  a  high  weight  classification.  Vehicles 
Nos.  3  and  5  carried  consecutive  Illinois  license  numbers, 
which  wyould  indicate  they  were  probably  registered  by 
the  same  owner.  Both  carried  loads  within  their  legal 
classification,  as  they  were  licensed  to  operate  in  Illinois 
with  a  total  gross  weight  of  24,000  pounds.  Neverthe- 
less, it  is  obvious  that  they  were  both  overloaded  insofar 
as  their  ability  to  perform  satisfactorily  on  this  grade 
was  concerned.  These  two  vehicles  traveled  several 
hundred  feet  on  the  section  with  a  space  between  vehi- 
cles of  less  than  40  feet.  For  only  a  very  short  distance 
at  the  beginning  of  the  section  did  they  travel  at  the 
300-foot  spacing  required  by  the  Illinois  Uniform  Act 
Regulating  Traffic  on  Highways. 

Vehicle  No.  8,  although  carrying  a  gross  weight  of 
26,800  pounds,  was  also  operating  within  its  legal 
classification  of  40,000  pounds  gross  weight. 

From  the  data  presented  in  figure  1  it  may  be 
concluded: 

1.  That  the  performances  of  the  tractor-truck  semi- 
trailer combinations  designated  as  vehicles  Nos.  1  and  :; 
were  not  satisfactory  under  the  loading  and  highway 
conditions  under  which  they  were  operating.  The  same 
is  true  of  vehicles  Nos.  5  and  8,  although  this  is  not  so 
strikingly  apparent  from  an  examination  of  the  chart. 

2.  That  the  extremely  slow  speeds  at  which  vehicles 
Nos.  1  and  3  ascended  the  grade  resulted  in  inconveni- 
ence and  delay  to  a  number  of  vehicles  which  were 
forced  to  follow  them  through  the  test  section. 

3.  That  drivers  of  vehicles  Nos.  5  and  8  violated  the 
Illinois  statute  requiring  that  commercial  vehicles 
traveling  on  rural  highways  maintain  an  interval 
between  vehicles  of  not  less  than  300  feet. 

4.  That  at  least  one  passing  maneuver,  that  when 
vehicle  No.  6  passed  No.  5,  was  executed  under  hazard- 
ous conditions. 


Figure  3. — Vehicles  Climbing  Hill  at  Instant  Designated 
"BB"  in  Figure  1. 

5.  That  at  least  three  of  the  drivers  of  passenger 
vehicles  included  in  this  group  desired  to  travel  through 
the  course  at  a  speed  of  35  to  45  miles  an  hour. 

There  are  a  number  of  possible  remedies  which  might 
be  suggested  to  provide  a  less  restricted  movement  of 
vehicles  over  this  section  of  highway.  A  third  lane 
might  be  constructed  for  the  use  of  slowT-moving  ve- 
hicles; the  grade  might  be  reduced  so  that  heavily 
loaded  vehicles  could  maintain  a  more  reasonable 
speed;  or  the  loading  of  vehicles  might  be  limited  so 
that  with  their  available  power  a  satisfactory  per- 
formance would  be  obtained.  The  same  remedies 
might  be  applied  to  numerous  locations  throughout 
the  State,  but  until  analysis  of  all  available  data  relat- 
ing to  the  problem  is  completed,  and  these  data  are 
carefully  considered  by  highway  officials,  no  recom- 
mendations can  be  made. 


PUBLICATIONS  ON  BRIDGE  FLOOR  DESIGN 
AVAILABLE 

Three  new  publications  that  present  the  results  of 
tests  made  to  verify  theoretical  analyses  of  bridge  floor 
designs  are  now  available.  These  publications,  all 
University  of  Illinois  Bulletins,  are  No.  313,  "Tests  of 
Plaster-Model  Slabs  Subjected  to  Concentrated 
Loads;"  No.  314,  "Tests  of  Reinforced  Concrete  Slabs 
Subjected  to  Concentrated  Loads;"  and  No.  315, 
"Moments  in  Simple  Span  Bridge  Slabs  with  Stiff- 
ened Edges."  The  bulletins  are  the  result  of  a  coop- 
erative investigation  by  the  Engineering  Experiment 
Station  of  the  University  of  Illinois,  the  Public  Roads 
Administration  of  the  Federal  Works  Agency,  and 
the  Illinois  Division  of  Highwavs. 

The  results  of  this  investigation  will  have  direct 
application  to  practically  all  modern  highway  bridces 
and  to  many  other  structural  design  problems  and  will 
lead  to  more  satisfactory  structures. 

The  Public  Roads  Administration  has  a  limited  num- 
ber of  these  bulletins  for  free  distribution.  Requests 
should  be  addressed  to  the  Public  Roads  Administra- 
tion, Federal  Works  Agency,  Washington,  D.  C. 


STRESSES  UNDER  A  LOADED  CIRCULAR 

AREA ' 

BY  THE  DIVISION  OF  TESTS,  PUBLIC  ROADS  ADMINISTRATION 

Reported  by  L.  A.  PALMER,  Associate  Chemist 


THE  main  purpose  of  this  paper  is  to  bring  to  the 
attention  of  engineers  the  fact  that  a  precise  analy- 
sis of  the  complete  system  of  stresses  under  a  uni- 
formly loaded  circular  area  at  the  surface  of  a  semi- 
infinite,  elastieally  isotropic  material  has  been  in 
published  form  for  more  than  10  years.  Another  pur- 
pose of  the  paper  is  to  indicate  approximate  methods  of 
checking  numerical  values  of  the  stresses  that  have  been 
computed  by  the  precise  methods. 

Still  another  purpose  is  to  indicate  the  possibility  of 
using  the  results  of  the  analyses  as  a  rough  guide  in 
experimentation  involved  in  the  study  of  the  design  of 
flexible  types  of  highway  surfaces.  In  this  latter  con- 
nection, it  is  realized  generally  that  the  condition  of 
elastic  isotropy  does  not  exist  in  the  mass  of  material 
under  an  automobile  tire.  Hence,  it  would  he  a  mis- 
take to  attempt  to  apply  directly  the  analytical  results, 
and  the  fact  that  they  can  serve  only  as  a  rough  guide 
in  experimentation  needs  to  be  emphasized. 

Engineers  are  confronted  with  many  earth  problems 
for  which  no  theory  other  than  the  one  of  elasticity 
has  been  proposed,  and  the  treat  inent  of  earth  problems 
apart  from  adequate  theory  is  likely  to  lead  to  as  many 
solutions  as  there  are  varieties  of  earth.  The  experi- 
mental study  of  such  problems  without  reference  to  any 
theoretical  basis  whatsoever  is  an  aimless  procedure  at 
best. 

The  problem  of  computing  stresses  at  any  point 
within  a  semi-infinite,  elastieally  isotropic  mass  pro- 
duced by  a  uniform  load  over  a  circular  area  at  the  plane 
boundary  has  been  completely  solved  by  A.  E.  II. 
Love  2  and  S.  I).  Carothers.3  The  results  of  these  two 
investigators  are  in  general  in  good  agreement  and  sug- 
gest a  means  of  estimating  stresses  under  wheel  loads, 
since  it  has  been  shown  by  Teller  and  Buchanan  4  that 
the  pressure  distribution  of  a  pneumatic  tire  on  a  flex- 
ible-type pavement  is  nearly  uniform. 

PROBLEM    SIMPLIFIED    BY    MAKING     REASONABLE    ASSUMPTIONS 

In  such  problems  as  the  determination  of  the  rate  of 
settlement  (by  soil  consolidation)  of  a  foundation 
(fig.  1A),  the  vertical  stresses  at  the  upper  and  lower 
boundaries  of  a  clay  layer  are  computed  from  formulas 
derivable  from  those  of  Boussinesq  by  assuming  thai 
the  entire  mass  of  earth  below  the  foundation  is  elas- 
tieally isotropic.  That  is,  the  complications  that  may 
be  involved,  owing  to  the  fact  that  the  underground  is 
comprised  of  alternate  strata  of  dissimilar  materials 
and  is,  therefore,  not  elastieally  isotropic,  are  ignored 
completely.  Despite  the  questionable  procedure  of 
assuming  isotropy  in  this  case,  the  analysis  of  settle- 
ments by  consolidation  is  one  of  the  best  established 
theoretical  methods  of  soil  mechanics  and  the  present 
writer  believes  that  in  this  instance  the  assumption  of 

1  Paper  presented  at  the  Nineteenth  Annual  Meeting  of  the  Highway  Research 
Board,  December  5. 1939. 

'2The  Stress  Produced  in  a  Semi-Infinite  Solid  by  Pressure  on  Part  of  the  Boundary, 
by  A.  E.  H.  Love,  Philosophical  Transactions  of  the  Royal  Society,  series  A.  yol.  228, 
1929. 

3  Test  Loads  on  Foundations  as  Affected  by  Scale  of  Tested  Vrea,b>  s.  D  Carothers 
Proceedings  International  Mathematical  Congress,  Toronto,  1924,  pp.  527-540. 

*  Determination  of  Variation  in  Unit  Pressure  over  the  Contact  Area  of  Tires,  by 
L.  W.  Teller  and  James  A.  Buchanan,  PUBLIC  ROADS,  vol.  18,  No.  10,  I  >ec.  1937. 


isotropy  is  as  reasonable  as  any  other  assumption  and 
is  to  be  preferred  in  the  interest  of  simplicity. 

No  doubt  there  is  some  refraction  of  the  stress 
trajectories  at  the  boundary  of  two  dissimilar  earth 
materials,  that  is,  this  boundary  very  likely  acts  as  a 
plane  of  discontinuity.  But  any  assumption  as  to 
the  amount  of  friction  between  two  layers  of  dissimilar 
materials  such  as  clay  and  sand  (fig.  lA)  or  as  to  what 
extent  discontinuity  of  stresses  may  exist  is  likely  to 
be  no  more  valid  than  the  assumption  of  isotropy  in 
the  entire  earth  mass  below  the  foundation. 


GROUND  SURFACE 


PW5Wp^P 


Kay 


B 

Figure  1.  A,  Foundation  Resting 
Clay;  B,  Wheel  Load  Resting 
Surface  Supported  in   Earth. 
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For  the  same  reason,  the  entire  mass  of  materials 
below  a  wheel  load  (fig.  1  B)  may  be  considered  as  being 
elastieally  isotropic. 

On  the  basis  of  such  an  assumption,  no  precise  solu- 
tion can  be  expected.  Nevertheless,  the  theoretical 
development  meets  a  definite  requirement  in  that  it 
shows,  qualitatively  at  least,  what  happens  under  wheel 
loads  and,  therefore,  may  serve  as  a  guide  in  planning 
methods  of  experimentation.  All  that  is  sought  is  a 
suggested  trace  of  the  transmission  of  stresses  by  the 
wheel  load  since  rigorous  results  or  exact  formulas  are 
out  of  the  question. 

A.  C.  Benkelman  5  has  presented  in  considerable 
detail  the  present  status  of  knowledge  concerning  the 
design  of  flexible  pavements.  It  is  indeed  surprising  to 
note  that  the  conclusions  reached  by  Carothers  and 
Love  have  not  been  used  in  the  technical  publications 
discussed  in  Benkelman's  report.  However,  with  prac- 
tically no  exception,  the  various  authors  mentioned  in 
his  report  have  based  their  experimental  procedures  on 

4  Present  Knowledge  of  the  Design  o!  Flexible  Pavements,  bj    \  .  C.  Benkelman, 
PUBLIC  ROADS,  vol.  18.  No.  11,  Jan.  1938. 
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theoretical  considerations  involving  numerous  sim- 
plifying assumptions  which  are  similar  in  many  respects 
to  the  classical  theories  of  Love,  Carothers,  and 
Hencky.6 

The  simplest  three-dimensional  problem  considered 
in  the  theory  of  elasticity  is  the  one  involving  axial 
symmetry.  Hence,  the  problem  of  a  wheel  load  on  a 
pavement  is  simplified  by  the  assumption  that  the  area 
of  contact  between  a  rubber  tire  and  the  pavement  is 
circular,  although  tests  indicate  that  the  contact  area 
is  elliptic.  Thus  an  "equivalent  circular  area"  with 
uniform  pressure  has  been  used  generally  by  inves- 
tigators. The  equivalent  circle  is  one  having  an  area, 
equal  to  the  elliptic  area  of  contact  and  its  radius  is 
the  square  root  of  the  quantity:  Area  of  contact 
divided  by  ir. 

The  subject  of  pressure  distribution  over  a  circular 
contact  area  in  connection  with  foundation  design  has 
been  discussed  at  length  by  Cummings,7  Krynine,8  and 
various  others.  The  simplest  problem  is  the  one  of 
uniform  pressure  over  the  contact  area.  In  foundation 
problems,  the  actual  pressure  distribution  depends  on 
the  relative  rigidities  of  the  structure  (or  loading  mem- 
ber) and  the  earth  mass,  and  in  the  light  of  present 
knowledge  no  one  knows  how  to  express  these  relative 
rigidities  in  quantitative  terms.  Another  difficulty  is 
that  any  formula  expressing  the  pressure  distribution 
over  the  contact  area  can  be  only  approximately  true 
when  the  deformations  are  within  the  elastic  limits  of 
the  materials  and  cannot  be  applicable  in  any  sense  as 
the  deformations  increase  more  and  more  and  become 
characteristic  of  those  attending  plastic  yield.  If  an 
attempt  is  made  to  include  all  of  these  departures  from 
simplicity  in  a  theoretical  development  of  the  subject, 
any  result  would  be  so  hopelessly  complicated  as  to  be 
of  little  practical  use. 

GREATEST   SHEAR    NEAR    PERIMETER    OF    A    UNIFORMLY    LOADED 
CIRCULAR    AREA 

The  outstanding  conclusion  of  Love  and  Carothers 
was  that  the  greatest  value  of  the  principal  stress  dif- 
ference, S,  is  very  close  to  the  perimeter  of  the  uni- 
formly loaded  circular  area.  This  difference  is  twice 
the  maximum  shearing  stress  at  any  point,  that  is, 


#=2  s 


(1) 


Table  1  is  taken  from  Love's  article  and  shows  values 

S 
of  —  >  p  being  the  unit  contact  pressure  over  the  circular 

area,  corresponding  to  various  positions  of  the  point  Q, 

figure  2.     The  ratio,  —>  of  the  two  radial  lines,  figure  2, 

and  the  magnitudes  of  the  quantities,  angle  B,  — >  and 

T 

—y  a  being  the  radius  of  the  circle,  z  being  the  depth  to 

the  point,  and  B  the  angle  between  rt  and  a,  determine 
the  position  of  any  point  Q. 

As  the  point  Q  moves  in  such  a  manner  that  the  ratio, 

-i  approaches  zero  as  a  limit,  then  according  to  Love 


6  Uber  finis?  statische  bestimmte  Falle  des  Gleichgewicbts  in  Plastisehcn  Kbrpen 
by  von  Heinrich  Hencky,  Zeitschrift  fur  Angewandte  Mathematik  und  Mechanik, 
Bd,  3,  Heft  4,  Auk.  1023,  pp.  241-251  inc. 

'  Distribution  of  Stresses  Under  a  Foundation,  by  A.  E.  Cummings,  Proceedings 
American  Society  of  Civil  Engineers,  vol.  61,  No.  C,  Aug.  1035. 

8  Pressures  Beneath  a  Spread  Foundation,  by  D.  P.  Krynine,  Proceeding?  American 
Society  of  Civil  Engineers,  vol.  63,  No.  4,  pt.  I,  Apr.  1937. 


Figure  2. — Problem  of  the  Principal  Stress  Difference  , 
S,  Under  a  Uniformly  Loaded  Circular  Area, 

the  value  of  S  depends  on  the  angle  B,  or  in  other  words , 
S  at  the  point  A  depends  on  the  direction  of  approach 
of  point  Q  to  point  A.     Love  has  shown  that  for  5=71° 

the  limiting  value  of  S  as  -  approaches  zero  is  0.723p 

r2 

S' 
(table  1).     The  —  values  of  table  1  were  computed  by 

Love  for  ju  =  %  and  are  "partial  maxima  stress  differ- 
ences," a  term  that  will  be  considered  later  in  tins  report. 

S 
Table  1. —  Values  of  —  for  different  positions  of  point  Q  in  figure  2 
i 
[Values  given  by  A.  E.  H.  Love  tor  y.=l/i]  ' 


tends  to  zero 

T<         ■       CO 

— =sin  5 

T2 

=sin  15" 

rs= 

=sin  30° 

=sin  50° 

0.723 

0.714 

0.704 

0.695 

0.690 

71° 

67° 

56° 

44° 

37° 

1 

0.934 

0.742 

0.446 

0.184 

0 

0.  156 

0.3S3 

0.536 

0.  615 

-tends  to  unity 


32° 
0 

0.620 


i  The  values,  !4  and  0.45  (ox  11,  appearing  in  this  paper  are  values  selected  by  Love 
and  Carothers,  respectively,  in  their  computations. 

From  table  1,  the  value  for  sB)  the  greatest  value  of 

smax.  at  any  point  Q  in  the  supporting  earth,  is  — '—= —  = 

S 
0.36;p=7)-     This  is  an  important  fact  because  it  shows 

that  the  greatest  shearing  stress  is  at  the  surface  where, 
due  to  lack  of  confinement,  there  is  the  least  resistance 
to  yield  under  stress.  Love  has  given  in  table  1  more 
data  than  are  necessary  for  locating  the  point  Q, 
figure  2. 

In  texts  dealing  with  the  theory  of  elasticity,  it  is 
shown  that  when  the  point  Q  (fig.  2)  is  restricted  to 
move  only  along  the  axis  of  symmetry,  OZ,  the  greatest 
value  of  smax.  occurs  at  a  considerable  depth,  z,  from  the 
surface.  Thus  Timoshenko9  shows  that  for  /x=0.3, 
the  greatest  value  of  smax.  at  any  point  on  OZ  is  0.33^ 

»  Theory  of  Elasticity  bv  S.  Timoshenko,  Engineering  Societies  Monographs, 
first  edition  1934,  McGraw-Hill  Book  Company,  Inc.    (See  pp.  336-337.) 
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and  at  a  depth  equal  to  -^  •    The  earth  at  this  point  is 

confined  in  all  directions. 

Love's  solution  was  obtained  by  the  application  of 
potential  theory  10  and  involved  various  elliptic 
integrals. 

Carother's  procedure  is  only  very  briefly  described 
and  therefore  requires  some  discussion.  He  considers 
the  logarithmic  potential  u  of  a  uniform  distribution  of 
matter  over  a  circular  area  of  radius  a,  expressed  by 
the  relation, 

t=^f  f  log  {z+R})dxdy (2) 

where  dx  and  dy  refer  to  the  coordinates  of  any  point 
r,  y,  on  the  surface  and  Rx  is  the  distance  of  this  point 
to  the  point  Q,  figure  2. 

By  differentiating  equation  2  under  the  integral  sign, 


^irf  fR7dxdy=^ 


(3) 


where  w  is  the  solid  angle  I2  subtended  at  Q  by  the 
circular  area. 

By  use  of  the  equations  of  equilibrium  and  the 
compatibility  equations  13  all  of  the  stresses  at  any 
point,  Q,  may  be  expressed  in  terms  of  w,  the  solid 
angle  subtended  at  point  Q.  Thus  it  is  found,  for 
example,  that 


Sr2  =  2 


and 


d_  b2\p  _  p  „bw 
dr  dz2     2ir"  d  r 


(4) 


(5) 


pz  being  the  pressure  at  Q  that  is  normal  to  the  horizontal 
plane  and  sT!!  the  shearing  stress. 

Similarly,  pT  and  pu  (fig.  2)  may  be  expressed  as 
functions  of  the  solid  angle,  w. 

For  a  uniformly  loaded  circular  area,  the  maximum 
shearing  stress  is  obtained  from  the  expression, 


,s2 

°   max 


_(Vt—VzY 


■8„' 


(6) 


Love's  very  comprehensive  tables  give  values  for  pT,  Pz, 

and  sTZ,  for  n  =  }i,  at  a  great  many  points.     Values  for  ^ 

in  addition  to  those  given  in  table  1,  may  be  computed 
by  means  of  equation  6  and  the  other  tables  of  Love. 

The  stresses  at  any  point,  Q,   were  computed   by 
Carothers  by  expanding  the  various  functions  of  w  in 

zonal  harmonics.     Some  of  his  computed  values  for  - 

are  given  in  table  2.  These  values  were  computed  by 
taking  n  =  0A5.  It  is  seen  from  this  table  that  the 
greatest  value  of  smax.  is  near  the  perimeter  of  the  loaded 
circular  area  where  R=a  and  0  has  values  ranging  from 

i°  For  an  adequate  description  of  potential  theory,  see,  for  example,  Pt.  Ill  of 
Dynamics  by  A.  G.  Webster,  Text,  G.  E.  Stechert  and  Co.,  New  York,  second 
edition,  1922. 

"  See,  for  example,  pp.  385  et  sen,.,  of  Dynamics  by  A.  G.  Webster. 

12  See,  for  example,  p.  351  of  Dynamics  by  A.  G.  Webster. 

■3  See,  for  example,  top  of  p.  312  of  Theory  of  Elasticity  by  S.  Timoshenko. 


80°  to  90°  (fig.  2).     Love  and  Carothers  are  in  good 
agreement  as  to  the  region  of  greatest  shear. 

CJ 

Table  2. —  Values  of  —for  different  positions  of  point  Q,  figure  2, 
according  to  Carothers,  for  n  =  0.4-5 


g  (degrees) 

-  for  R    a 
P 

S 
P 

for 

/.' 

2a 
3 

0 

0.54 

.55 
.57 
.58 
.62 
.  63 
.63 
.63 

n  no 

30 

60 

45 

S3 

60 

-,<i 

75 

40 

80 

3(1 

85 

18 

90 

ii- 

MEANS   GIVEN   FOR   CHECKING   THE   VALUES   OF   LOVE    AND 
CAROTHERS 

The  method  of  Love,  although  enormously  compli- 
cated, is  presented  in  great  detail  and  it  is  possible  to 
check  his  numerical  values,  using  his  method.  Caroth- 
ers, on  the  other  hand,  gives  no  clue  as  to  what  particu- 
lar functions  he  expanded  in  zonal  harmonics  in  making 
his  numerical  computations.  It  would  seem  desirable 
then  to  find  some  means  of  checking  the  values  of  both 
Carothers  and  Love  without  using  exactly  the  same 
method  of  either  of  these  two  investigators.  This  is 
an  exceedingly  difficult  undertaking  for  the  reason  that 
Love's  solution  is  complete,  all  of  the  stresses,  pr,  pz, 
and  sn,  being  found  throughout  the  entire  region  within 
a.  radial  distance,  a,  of  the  loaded  area.  On  the  basis 
solely  of  his  numerical  values  and  without  regard  to  how 
they  were  obtained,  the  same  is  true  of  Carothers' 
solution. 

For  the  case  of  a  uniform  pressure,  p,  on  a  circular 
area  it  is  easy  to  show9  that  for  any  point  on  the  axis  of 
symmetry  and  for  m  =  K> 


This   expression   may   be   expanded    by   the   binomial 
theorem  to  give  the  infinite  series, 

S=1     5P     lx3g3     1X3X525    Ix3x5x7z7      _1 
p     ±  +  <i[_a       2    ai+    2X4    a5       2x4x6    a7+ '    J  " 

1[V     1X3  25     1X3X5  z7         1  ,8* 

±[_a*        2    «5+    2X4    a7  +  '     J""" 


=I_lJ>r^     1X3«4    lX3Xoa6     IX 
-4  +  4[_22"       2     zi+    2X4     zl 
IT      lX3a2     1X3X5Q4        ,   1 
4|_  2     ,:2+    2X4     z'     '  +  'J 


X3X5X7as 


X4X6 


] 


(9) 


if  a  is  greater  than  z,  and 

S 
V 

1X3  a2     1X3X 
2     ~2+    2X4 


if  z  is  greater  than  a. 

From  a  mathematical  standpoint,  it  is  not  correct  to 
expand  a  function  in  zonal  harmonics  if  it  does  not 
satisfy  Laplace's  equation.  In  potential  theory,  a 
Newtonian  potential  function,  known  to  be  harmonic 
(satisfies  Laplace's  equation)  may  first  be  computed  on 
an  axis  of  symmetry  and  thereafter  it  may  be  computed 
at  any  point  not  on  the  axis,  by  expanding  in  zonal 
harmonics  or  Legendrian  polynomials. 

9  Theory  of  Elasticity,  by  S.  Timoshenko,  Engineering  Societies  Monographs,  first 
edition  1934,  McGraw-Hill  Book  Co.,  Inc.     (See  pp.  336-337.) 
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In  general,  the  expression  for  a  stress  is  a  tensor  14 
and  is  not  therefore  harmonic.  However,  the  expres- 
sion for  a  stress  may  consist  of  several  parts,  one  or 
more  of  which  may  be  harmonic,  and  it  is  legitimate  to 
evaluate  these  by  expanding  in  zonal  harmonics.  This, 
no  doubt,  was  Carothers'  procedure  although  he  does 
not  indicate  it. 

In  the  present  consideration,  the  circle  is  not  one  of 
complete  symmetry  as  Love  has  shown  and  in  the 

o 

absence  of  any  general  expression  for  — >  known  to  be 

harmonic  or  otherwise,  there  is  no  sound  mathematical 
basis  for  the  following  procedure  which  is  to  assume 

that  the  general  expression  for  —  is  harmonic  and  to 

pass  from  equations  7  and  8  to  series  of  Legendrian 
polynomials.  It  is  also  assumed  that  the  circle  is 
symmetrical  and  this  is  not  quite  true. 

If  now  the  loaded  circular  area  is  considered  as 
analogous  to  an  electrically  charged  disk  in  potential 
theory,  then  one  could  substitute  R  for  z  in  equations 
8  and  9  and  introduce  Legendrian  coefficients,15  thereby 
expanding  equation  7  in  zonal  harmonics.  When  this 
is  done,  equation  8  becomes 

S     1,5 [72 p  ,        .,     1X3P3P  ,        .. 
-=4  +  4  [-^i  (cos  8) 2~-,Pz  (cos  0) 

,  1X3X5P5       ,        a.      1X3X5X7 P7P   ,        M"l 
+  ^xTa^  (C°S  e)~    2X4X6    ?fi  (cos  *>] 

~\[%P3  (cos  *)-*irf»p"  (cos  e) 

+ifxT^P7(cos*)] (10) 

if  all  powers  of  —  beyond  the  seventh  are  neglected, 

(Jb 

equation  9  becomes 

8     1  ,  5[~a2p  ,        .,      lX3a4p   ,        ., 
-=4  +  4|j^i  (cos  0) T~RiPz  (C0S  ^ 

,lX3X5a6p  ,          "J     IT       lX3a2p  ,       a. 
-""Txl- 22s    s  (c0S  ^J~4~L 2~WPl  (C0S  ^ 

lX3X5a4p  1X3X5X7  a6p  .  Q.~]  .„. 
2xT~ R*    z  (         )  +    2X4X6    R6^ (C0S  ^J"  "(11) 

r> 

neglecting  all  powers  of  —  beyond  the  sixth. 

EXAMPLES  OF   APPROXIMATE  METHODS  GIVEN 

The  terms,  Pj  (cos  8),  P3  (cos  8),  etc.,  are  the  Legen- 
drian coefficients  and  numerical  values  for  these 
coefficients,  corresponding  to  different  values  of  8, 
figure  2,  may  be  found  in  various  mathematical  trea- 
tises. For  R  less  than  a  and  0=0,  equation  10  becomes 
equation  8  and  for  R  greater  than  a  and  8=0,  equation 
11  reduces  to  9. 

It  should  be  emphasized  now  that  aside  from  the 
geometric  similarity,  that  is,  a  circle  and  an  axis  of 
symmetry  in  both  cases,  the  problem  of  potential  at 

u  See  for  example,  From  Determinant  to  Tensor,  by  W.  F.  Sheppard,  Oxford  at 
the  Clarendon  Press,  1923. 

>•  See  for  example,  Fourier  Series  and  Spherical  Harmonics,  by  W.  E.  Byerly,  Ginn 
&  Co.,  1893. 


a  point  due  to  a  charged  disk  and  the  problem  of 
shearing  stresses  beneath  a  loaded  circular  area  have 
nothing  in  common. 

In  table  1,  for  -=0.184,  5=37°  and  -=sin  50°,  it  is 

CI  7* 

found  that  0=16°4O'  and  B=0.6416  a.  The  coeffi- 
cients^, (cos0),P3  (cos  0)  corresponding  to  0=16°4O' 
are 

P:  (cos  8)  =  0.9579 
P3  (cos  0)=O.  7609 
P5  (cos  8)  =  0.4573 
P7  (cos  0)  =  O.  1207 

Substituting  these  values  in  equation  10, 

-=4+f  (0.  6141-0.  3015  +  0.  0930-0.  0118) 

p     4     4 

-j  (0.  2010-0.  0744  +  0.  0101)  =  0.  709, 

which  compares  favorably  with  Love's  value  in  table  1 
of  0.690. 

The  series  in  this  case  converges  rapidly.     By  using 

Love's  numerical  values  for  pr,  p2  and  srz  (  M  — j  )  and 

7?  S1 

equation  6  one  finds  for  —=0.56  and  0=45°,  that  — 

=  0.66.     However,  by  equation  10  the  corresponding 

o 
value  for  —  is  0.75,  which  is  14  percent  higher  than 

Love's  value.     Again,  for  —=0.19  and  0=45°,  from 

a 

S 
Love's  tables  and  equation  6,  —=0.42,  which  is  exactly 

the  same  as   the   value  obtained   from   equation    10. 

g 

Jiirgenson16  has  computed  various  values  for  — >  using 

Carothers'  tables  for  pr,  pz,  and  s„  and  finds  for  example, 

o 

that  for  R=2a  and  0=45°,  -  =  0.25.  The  correspond- 
ing value  found  by  an  expression  similar  to  equation  11 

is  0.27.     Love's  value  for  -  for -=0.446  and  -=0.536 

pa  a 

is  0.695  (table  1),  whereas  equation  10  gives  a  value  of 
0.716  which  is  close  to  Love's  values.     For  0  equal  to 

7?  S1 

90°  and  —  less  than  1,  the  value  of  -  is  0.25  by  equation 

10,  which  is  Love's  value  in  this  region.  Equations  10 
and  11  do  not  fit  the  boundary  condition  for  0=90° 
and  R  greater  than  a. 

In  all  other  cases  it  may  be  said  that  for  0  greater 

7?        n 

than  45°  and  for  —  or-5  greater  than  2/3,  the  values  for 
a      Rb 

o 

—  computed  from  equations  10  and  11  deviate  by  at 

least  15  percent  (in  many  cases  much  more)  from  Love's 
numerical  values.  For  all  other  positions  of  the  point 
Q  (fig.  2)  the  agreement  is  generally  within  15  percent. 

7?        n 
Carothers  states  that  for  values  of  —  or  „  approaching 

unity,  his  functions  expanded  in  zonal  harmonics  were 
"unsatisfactory"  and  he  gives  no  clue  as  to  an  alterna- 
tive procedure  in  this  case. 

>6  The  Application  of  Theories  of  Elasticity  and  Plasticity  to  Foundation  Problems, 
by  Leo  Jiirgenson,  Journal  of  the  Boston  Society  of  Civil  Engineers,  vol.  21,  No.  3, 
July  1934. 
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In  any  case,  equations  10  and  11  have  very  definite 
limitations  in  this  problem  although  they  tend  to  give 
values  that  are  in  approximate  agreement  with  those  of 
Love  and  Carothers  at  various  points. 

Functions  of  solid  angles  are  for  the  most  part  of 
interest  only  to  the  mathematician.  A  practicing 
engineer  has  more  confidence  in  numerical  values  if  he 
can  check  them  by  a  simple  graphical  method. 

The  following  simple  device  is  suggested  by  the 
author  for  this  purpose.  Its  use  is  very  limited.  The 
method  is  as  follows: 

It  is  desired,  for  example,  to  know  the  value  of  - 

2a 
at  the  point  where  0=45°  and  R=-^-,  the  value  of  n 

being  taken  as  0.45  (Carothers'  assumed  value).  In 
figure  3,  AB  is  the  diameter  of  the  loaded  circular  area 
on  the  horizontal  surface  and  OZ  is  its  axis  of  symmetry. 
The  radial  lines  AQ,  QB,  and  OQ=R  are  drawn.  The 
line  MN  is  drawn  through  0  making  an  angle  8  with  AB. 
The  projection  of  AB  on  MN  is  A'B',  the  minor  axis 
of  an  ellipse.  This  ellipse  is  in  the  plane  that  is  passed 
through  J\fN  perpendicularly  to  the  plane  of  the  paper. 
Its  major  axis  is  equal  to  AB  which  passes  through 
the  point  O  and  is  perpendicular  to  MN. 

The  length  A'O  is  a  cos  8=){  the  minor  axis,  and 
a—AO  is  %  the  major  axis.  Then  the  area  of  the 
ellipse  formed  by  projecting  the  circle  in  the  horizontal 
plane  on  the  plane  MN  is,  ira  (a  cos  8)  =  wa2  cos  8. 

Let  6  =  the  radius  of  the  equivalent  circle,  that  is,  the 
radius  of  the  circle  having  an  area  of  r  a2  cos  8.  Then 
ir  b2=ir  a2  cos  8,  or  b~a  Vcos  8.  Now  the  ellipse  is 
replaced  with  the  circle  of  radius=6=a  Vc°s  8.  A 
uniform  pressure,  p,  perpendicular  to  the  plane  MN 
and  distributed  over  the  circle  of  radius  a  Vcos  8  will 
produce  approximately  the  same  stress,  smax.,  at  Q  as  is 
caused  by  the  same  pressure,  p,  distributed  over  the 
circular  area,  AB,  in  the  horizontal  plane,  provided  8 
is  less  than  45°.  For  0=0,  it  is  observed  that  pR 
becomes  p2. 

For  the  general  case,  the  value  of  smax.  when  the 
point  Q  is  on  the  axis  of  symmetry  is  obtained  from  the 
expression, 


\rP 


+  (1+m) 


R 


3 


i; 


(&J+i?2)*      2  (b2+R 


2yAj 


where   b  =  a  Vcos  0=radius  of   the   equivalent    circle 

2  1 

For  R=2a,  0  =  45°,  cos  0=-jz>  and  M  =  0.45, 


at  point  Q  sma 


0.0; 


2X1.45 


<K>! 


3      8_ 

2A27 


mi 


:0.296p. 


Then  ^  =  fiii^  =  0.592.     Carothers  obtains  the  value, 

s      P     p. 

-  =  0.53  for  this  point  (table  2).     The  divergence  from 


Figure  3. — The  Projection  of  the  Loaded  Circular  Area, 
AB,  in  the  Horizontal  Plane  on  the  Plane  MN  is  an 
Ellipse  With  Minor  Axis  A'B'  and  Major  Axis  AB. 

Carothers'  value  in  this  case  is  likely  indicative  of  the 
error  involved  in  transforming  the  elliptic  area  into  one 
that  is  circular. 

METHOD   OF   KRYNINE   CONSIDERED 

In  addition  to  approximate  methods,  such  as  the 
foregoing,  there  are  other  means  of  checking  precise 
numerical  values,  such  as  those  published  by  Love  and 
Carothers.  One  such  means  is  the  photoelastic  method. 
However,  at  present  there  has  been  but  little  progress 
in  the  analyses  of  three-dimensional  problems  of  stress 
distribution  by  photoelastic  devices.  R.  Weller  17  has 
suggested  that  it  is  possible  to  use  the  polarization 
caused  by  the  scattering  of  light  within  a  "cloudy"  or 
opaque  model  in  place  of  the  usual  analyzer  in  photo- 
elastic investigations  and  that  this  method  of  polari- 
zation enables  one  to  make  analyses  of  three-dimensional 
stress  systems  very  conveniently.  An  older  method 
was  to  cool  the  model  under  load  from  an  elevated 
temperature  to  room  temperature  and  then  analyze  it 
subsequently  after  slicing  it  into  plates.  This  is  an 
enormously  complicated  procedure. 

D.  P.  Kiynine  1S  has  described  his  device,  called  a 
stereogoniometer,  which  offers  much  promise  in  such 
studies  and  which  has  the  advantages  of  simplicity  and 
low  cost.  This  device  makes  use  of  the  principle  of 
projecting  areas  from  a  plane  to  a  spherical  surface 
rather  than  from  one  plane  to  another  plane  as  was 
done  in  the  preceding  example.  By  this  procedure,  the 
stress,  p2,  is  found  in  terms  of  the  area  of  the  projection 
of  the  loaded  surface  on  the  sphere  and  the  volume  of 
the  space  bounded  by  this  projected  area,  its  projection 
in  turn  on  the  horizontal  plane  including  the  load,  and 
the  perpendicular  lines  joining  the  perimeters  of  the  two 
projected  areas.  The  solid  angle  at  a  point  below  the 
loaded  area  is  equal  to  the  projected  area  on  the  sphere 
divided  by  the  square  of  the  radius  of  the  sphere. 

It  is  possible  to  compute  the  solid  angle  w,  without 
this  device,  as  follows:  On  the  axis  of  symmetry,  the 
expression  for  the  solid  angle,  w  is 


tr 


-K1-*) 


(13) 


17  A  New  Method   for   Photoelastieity   in   Three    Dimensions,    by   R.   Weller. 
Letter  to  the  Editor,  Journal  of  Applied  Physics,  vol.  10,  No.  4,  Apr.  1939. 

18  Stresses  (especially  shears)  Under  a  Foundation  by  D.  P.  Krynine,  Proc.~of 
the  Highway  Research  Board,  vol.  18,  pt.  II,  1938. 
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where  P=(a2  +  22)1/2.  The  general  expression  for  w 
(see  equation  3)  is  harmonic  and  it  is  mathematically 
legitimate  to  expand  it  in  zonal  harmonics.  By  so 
doing,  one  obtains  the  two  expressions, 

w=2x-2«Jj|pI  (cos  e)-^Jp3  {cos  6) 

+%Ca)Ph  (C°S  e)~Wa)Pl  (C°S  9)  +  '  ~  etc"]--(14) 
for  R  less  than  a,  and 

w=2t-2i^1-^Jp1  (cos  e)+|(|)V3  (cos  0) 

)  P5  (cos  0)  +^(|)8P;  (cos  9i  - ,  4- ,  etc.!  _  (15) 


_15/a 
48\Z? 


for  i?  greater  than  a. 

7?      9 

For  — =-o  and  0=45°,  one  obtains  w=1.07ir  from  equa- 

lion  14.     Then  substituting  this  value  in  the  expression 
which  is  valid  only  for  m=k' 


(16) 


Pz  =  7T-W  COS" 
_'7T 


it  is  found  that  p2=0.803^.    The  value  for  pz  at  R=\a 

O 

and  0=45°  is  0.858^  when  ;u=0.45,  according  to 
Carothers. 

Similarly,  for  P=2a  and  0=45°,  w=0.195ir  from 
equation  15  and  on  substitution  in  equation  16,  p2  = 
0.146^.  The  corresponding  value  obtained  by  Carothers 
for  m=0.45  is  0.158/;.  The  differential  of  equation  16 
was  proposed  by  D.  P.  Krynine.19  The  stereogoniometer 
is  a  device  that  performs  an  exact  mechanical  integra- 
tion of  the  differential  of  equation  16,  0  and  w  being 
both  variable  in  the  integration. 

Equation  16  does  not  satisfy  the  boundary  conditions, 
0=0  and  0=90°.  For  a  uniformly  loaded  circular 
area  it  gives  results  which  are  approximately  correct 
for  0  greater  than  30°  and  less  than  60°,  R  being  greater 
than  zero.    On  the  axis  of  symmetry, 


Pz=l 


b-WF*?*]-         -(17) 


If  0  is  taken  as  the  average  angle  between  the  vertical 
direction  and  the  radial  distance  R  drawn  from  any 
clement  of  loaded  surface  to  the  point  Q,  considering 
all  of  the  elements  of  the  loaded  area,  the  computations 
by  equation  16  become  exact.  The  analytical  procedure 
of  obtaining  this  average  0  is  a  very  difficult  one.    For 

R  greater  than  -^n,  equation  16  together  with  equations 

14,  15,  and  17  give  values  for  pz  that  do  not  diverge 
more  than  15  percent  (in  most  cases  much  less)  from 
Carothers'  values  when  0  does  not  exceed  60°. 

The  purpose  of  the  foregoing  procedure  is  to  indicate 
that  in  substance,  at  least,  the  mechanical  method  used 
by  Krynine  is  correct.  Its  outstanding  advantage  is 
that  in  its  use  the  evaluation  of  the  stress,  pz,  can  be 
accomplished  for  any  contour  of  uniformly  loaded  area . 
It  is  not  necessary  that  there  be  axial  symmetry. 

„f't\1lh£ar wK  StlZSS?S  Un',11r,a  Spread  Foundation,  by  D.  P.  Krynine,  Proceedings 
of  the  Eighteenth  Annual  Meeting  of  the  Highway  Research  Board,  pt.  IT,  1938. 


LOVES  CONCLUSIONS  APPLIED  TO  THE  CASE  OF  A   WHEEL  LOAD 

The  precise  analytical  method  of  obtaining  pz  at  a 
point  under  a  uniformly  loaded  circular  area  is  indicated 
by  equation  5  which  is  Carothers  expression  for  this 
stress. 


Since 


Then 


and 


w- 


liw 


dx  dy, 


^rjj(w~w)dxd'-' <18> 

rfjipdx  dy-tff^fa)  dx  efo„_(19) 


da 
"dz 


It  is  possible  to  evaluate  these  two  integrals  at  any 
point  Q.  The  first  integral  is  w,  known  to  be  harmonic, 
and  it  may  be  computed  at  any  desired  point  by  means 
of  equations  14  and  15.     The  second  integral  may  be 

simplified  by  expanding  si-in  Legendrian  polynomials 


since  V 


(dt)=0-   With  w  and  z  -^—  thus  evaluated, 


the  stress,  pz,  at  any  point,  Q,  is  computed  from  equa- 
tion 5. 

For  a  uniform  pressure  produced  by  a  wheel  load  on 
the  nonrigid  surface,  the  distribution  of  vertical  pres- 
sure, pz,  over  the  area  of  subgrade  bounded  by  the  radial 
line  R  is  far  from  uniform  as  Hawthorne  20  assumed  in 
his  analysis. 

Love  has  shown  that  for  any  given  value  of  p,  there 
is  a  certain  value  of  R,  expressed  as  some  multiple  of  a, 
for  which  smax.  has  a  greatest  value.  Thus  for  0  =  45°, 
the  greatest  value  of  smax.  on  the  radial  line  is  at  any 
point  where  P  =  0.73a.  Similarly  for  0=90°,  the  great- 
est value  of  smax.  is  at  points  where  R=a,  that  is,  at 
points  just  under  the  perimeter.  If  the  points  of  "par- 
tial maxima  stress  difference"  on  all  of  the  radial  lines 
for  all  values  of  0  are  connected,  the  locus  of  such 
points  is  found  to  be  a  "basin-shaped  surface  of  revolu- 
tion about  the  axis  of  the  circle."  It  passes  through 
the  circle  and  lies  between  two  segments  of  spheres, 
which  have  their  centers  on  the  axis  of  symmetry  and 
pass  through  the  circle  (fig.  4).  These  two  spheres  cut 
the  axis  of  symmetry  at  depths  equal  to  0.620a  and  at 
0.712a  when  /*  =  %•  According  to  Love,  it  is  reason- 
able to  conclude  that  the  foundation  under  a  round  pil- 
lar would  be  most  likely  to  give  way  at  points  on  such 
a  basin-shaped  surface  and  that  it  would  be  nearly  as 
likely  to  give  way  at  one  point  of  this  surface  as  at  any 
other.  The  values  given  in  table  1  are  for  points  on 
the  basin-shaped  surface. 

A  practical  consideration  follows.  If  the  supporting 
subgrade  is  of  questionable  supporting  power,  such  as 
medium  or  soft  clay,  then  considering  all  possible 
values  of  m  and  the  uncertainty  of  the  effect  of  contact 
area  where  pavement  and  subgrade  meet,  it  would  be 
on  the  side  of  safety  to  have  the  thickness  of  the  more 
resistant  flexible  pavement  at  least  equal  to  a,  the 
radius  of  the  equivalent  circle.  This  precaution  would 
tend  to  confine  the  dangerous  surface  to  the  surfacing 

»A  Method  of  Designing  Nonrigid  Highway  Surfaces,  by  George  Edward  Haw- 
thorne, Bulletin  No.  83,  Engineering  Experiment  Station,  University  of  Washington, 
Aug.  1935. 
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material.  But  it  is  again  necessary  to  emphasize  the 
fact  that  since  the  flexible  pavement  and  the  subgrade 
are  very  different  materials,  all  such  conclusions  must 
be  considered  as  only  generally  indicative  and  not 
strictly  true  in  a  quantitative  sense. 

The  greatest  values  of  smax.  may  be  computed  on  the 
axis  of  symmetry  from  equation  12  for  different  values 
of  y..     Table  3  contains  such  values  and  the  points  at 


which  they  are  found  are  defined  in  terms  of  — . 


It 


is  interesting  to  note  from  this  table  that  the  shearing 
stress  does  not  vary  greatly  as  n  varies  from  0.25  to 
0.50. 

Table  3. — Maximum  values  of  ■  roal"  on  the  axis  of  symmetry  for 

V 
different  values  of  /i 


f 

Sma*. 

2 

at  point  Of  Srn.i 

P 

a 

0.25 

0  34 

0.02 

.30 

.33 

.64 

.40 

.31 

.67 

.45 

.30 

.69 

.50 

.29 

.71 

Benkelman  5  has  rightfully  emphasized  our  lack  of 
information  concerning  conditions  at  the  boundary 
plane  of  contact  between  the  flexible  surface  and  the 
supporting  medium.  It  is  possible  that  this  informa- 
tion may  be  obtained  by  intelligent  and  careful 
experimentation,  making  use  of  adequate  theory  in  all 
such  experimental  procedures. 

!  Present  Knowledge  of  the  Desisn  of  Flexible  Pavements,  by  A.  C.  Benkelman, 
PUBLIC  ROADS,  vol.  18,  NTo.  11,  Jan.  1938. 
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POINTS  ON  BASIN-SHAPED  SURFACE 
-OF  GREATEST  SHEARING  STRESSES 


Figure  4. — Points  at  Which  the  Stressed  Material  Under 
a  Uniformly  Loaded  Circular  Area  Would  be  Most 
Likely  to  Fail. 

CONCLUSIONS 

On  the  basis  of  Love's  complete  solution  of  the  prob- 
lem of  stresses  under  a  uniformly  loaded  circular  area, 
it  is  indicated  that  the  greatest  shearing  stresses  may 
be  confined  within  the  flexible  pavement  and  not 
reach  the  subgrade  if  the  thickness  of  the  flexible  pave- 
ment is  no  less  than  the  radius  of  a  circle  having  an  area 
equal  to  the  plane  of  contact  between  pneumatic  tire 
and  flexible  pavement. 

The  conclusions  reached  by  Carothers  are  in  good 
agreement  with  those  reached  independently  by  Love, 
but  the  method  used  by  Carothers  requires  a  more 
complete  presentat  ion . 

In  the  case  of  a  uniform  load  on  a  circular  area  the 
variation  in  shearing  stress  as  Poisson's  ratio  varies 
from  0.25  to  0.50  is  relativelv  small. 


(Continued  from  page  227) 
One  driver  waited  until  the  clear  distance  ahead 
decreased  from  1,900  feet  to  less  than  600  feet  and  then 
started  the  passing  maneuver.  He  was  fortunate,  and 
completed  the  passing  before  an  oncoming  car  came 
into  view. 

The  horizontal  scale  of  figure  1 1  shows  the  clear  dis- 
tance ahead  that  the  driver  of  each  passing  vehicle  had 
at  the  time  the  maneuver  was  completed.  For  all  the 
passings  shown  below  the  heavy  horizontal  line,  this 
distance  represents  the  clearance  between  the  vehicle 
that  had  completed  the  passing  and  the  first  approach- 
ing vehicle  in  the  opposing  lane  of  traffic.  For  the 
passings  above  the  heavy  line,  no  oncoming  vehicles 
were  in  view,  so  the  horizontal  scale  represents  the  sight 
distances  when  the  maneuvers  were  completed.  In  this 
figure,  as  in  figure  10,  the  passings  that  are  cross-hatched 
represent  maneuvers  that  could  have  started  at  the 
point  of  maximum  sight  distance.  In  those  that  are 
not  cross-hatched,  the  driver  had  to  wait  for  an  oncom- 
ing vehicle  before  encroaching  on  the  left  lane. 

Figure  10  showed  that  an  oncoming  vehicle  was  in 
view  at  the  start  of  the  passing  in  less  than  5  percent  of 
the  maneuvers.  Before  the  return  was  made  to  the 
right  lane,  there  was  an  oncoming  vehicle  in  view  in 
about  30  percent  of  the  maneuvers.  There  is  a  marked 
drop  in  the  number  of  maneuvers  that  were  completed 
with  either  a  sight  distance  of  less  than  300  feet  or  a 
clearance  from  the  oncoming  vehicle  of  less  than  300 
feet.     Two  of  the  five  passings  that  were  completed 


with  an  oncoming  vehicle  less  than  200  feet  away  could 
have  been  started  when  the  maximum  sight  distance 
wras  available.  The  clearances  for  the  vehicles  in- 
volved in  the  two  maneuvers  below  100  feet  were  34 
and  49  feet.  At  the  tune  these  vehicles  started  to 
return  to  their  right-hand  lane,  the  distances  to  the 
oncoming  vehicles  were  S76  and  228  feet  respectively. 
The  first  vehicle  could  have  started  the  maneuver  when 
the  sight  distance  was  1,900  feet  but  did  not  enter  the 
left  lane  until  the  sight  distance  had  decreased  to  1,675 
feet.  The  second  vehicle  had  to  wait  for  an  oncoming 
vehicle  to  pass  and  started  the  maneuver  with  a  sight 
distance  of  625  feet. 

By  similar  analyses  of  the  passings  that  occur  on 
different  sections,  it  will  be  possible  to  determine  the 
relative  effectiveness  of  different  alinements  in  providing 
for  passing  requirements. 

Up  to  the  present  time,  the  analyses  dealt  primarily 
with  the  passings  that  actually  occurred  on  the 
study  sections.  Of  equal  importance  are  the  passings 
that  the  drivers  wanted  to  make  but  did  not  attempt 
because  they  felt  that  the  available  sight  distances  or 
the  "holes"  in  the  opposing  traffic  were  not  of  sufficient 
length  to  complete  the  passing  maneuvers  in  safety. 
No  attempt  has  been  made  to  take  tins  particular  infor- 
mation from  the  records,  but  it  is  believed  that  it  can  be 
obtained.  So  far,  it  has  been  possible  to  obtain  all  the 
factors  that  have  seemed  important  in  a  study  of  pass- 
ing distances. 
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From  the  rather  meager  results  that  have  been  pre- 
sented it  can  be  seen  that  these  studies  provide,  for  the 
first  time,  accurate  information  on  what  actually  takes 
place  in  a  stream  of  moving  traffic.  They  are  certain 
to  provide  extremely  valuable  information  regarding 
the  causes  of  accidents  even  though  none  may  actually 
occur  during  the  studies. 

1940  CENSUS  TO  PROVIDE  HOUSING  DATA 
VALUABLE  TO  HIGHWAY  OFFICIALS 

A  comprehensive  picture  of  housing  and  home  owner- 


ship in  the  United  States  will  be  compiled  from  informa- 
tion to  be  collected  by  the  U.  S.  Bureau  of  the  Census 
in  April  when  it  conducts  the  Sixteenth  Decennial 
Census.  In  response  to  a  schedule  of  questions  bearing 
on  the  type  of  structure,  equipment,  and  ownership, 
data  will  be  obtained  for  each  of  the  approximately 
35,000,000  dwellings  throughout  the  country. 

The  data  obtained  will  be  useful  to  highway  officials 
in  planning  street  improvements,  and  to  city  planning 
officials  in  determining  the  need  for  extending  trans- 
portation and  communication  systems,  police  and  fire 
protection,  schools,  etc. 


February  1940 
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Case  Histories  of  Fatal  Highway  Accidents. 
10  cents. 

The  Accident-Prone  Driver.     10  cents. 


MISCELLANEOUS  PUBLICATIONS 

No.  76MP   .    .   The  Results  of  Physical  Tests  of  Road-Building 

Rock.     25  cents. 
No.  191MP.    .   Roadside  Improvement.     10  cents. 
No.  272MP  .    .   Construction  of  Private  Driveways.     10  cents. 
No.  279MP  .    .   Bibliography  on  Highway  Lighting.     5  cents. 
Highway  Accidents,      10  cents. 
The  Taxation  of  Motor  Vehicles  in  1932.     35  cents. 
Guides  to  Traffic  Safety.     10  cents. 

An  Economic  and  Statistical  Analysis  of  Highway-Construction 
Expenditures.     15  cents. 

Highway  Bond  Calculations.     10  cents. 
Transition  Curves  for  Highways.     60  cents. 
Highways  of  History.     25  cents. 


DEPARTMENT  BULLETINS 

No.  1279D  .    .    Rural  Highway  Mileage,  Income,  and  Expendi- 
tures, 1921  and  1922.     15  cents. 
No.  1486D  .    .    Highway  Bridge  Location.     15  cents. 

TECHNICAL  BULLETINS 

No.  55T   .    .    .   Highway  Bridge  Surveys.     20  cents. 
No.  265T.    .    .    Electrical    Equipment 
35  cents. 


on    Movable    Bridges. 


Single  copies  of  the  following  publications  may  be  obtained 
from  the  Public  Roads  Administration  upon  request.  They  can- 
not be  purchased  from  the  Superintendent  of  Documents. 

MISCELLANEOUS  PUBLICATIONS 

No.  296MP.    .    Bibliography  on  Highway  Safety. 

House  Document  No.  272   .   .   .  Toll  Roads  and  Free  Roads. 

Indexes  to  PUBLIC  ROADS,  volumes  6-8  and  10-19.  inclusive. 

SEPARATE  REPRINT  FROM  THE  YEARBOOK 

No.  1036Y  .    .   Road  Work  on  Farm  Outlets  Needs  Skill  and 
Right  Equipment. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 

System  of  Ohio  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Vermont  (1927). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  New  Hampshire  (1927). 
Report  of  a  Plan  of  Highway   Improvement  in  the  Regional 

Area  of  Cleveland,  Ohio  (1928). 
Report  of  a  Survey  of  Transportation  on  the  State  Highways 

of  Pennsylvania  (1928). 
Report  of  a  Survey  of  Traffic  on   the   Federal-Aid   Highway 

Systems  of  Eleven  Western  States  (1930). 

UNIFORM  VEHICLE  CODE 

Act  I. — Uniform  Motor  Vehicle  Administration,  Registration, 
Certificate  of  Title,  and  Antitheft  Act. 

Act  II. — Uniform  Motor  Vehicle  Operators'  and  Chauffeurs' 
License  Act. 

Act  III. — Uniform  Motor  Vehicle  Civil  Liability  Act. 

Act  IV. — Uniform  Motor  Vehicle  Safety  Responsibility  Act. 

Act    V.— Uniform  Act  Regulating  Traffic  on  Highways. 

Model  Traffic  Ordinances. 


A  complete  list  of  the  publications  of  the  Public  Roads  Ad- 
ministration (formerly  the  Bureau  of  Public  Roads),  classified 
according  to  subject  and  including  the  more  important  articles 
in  Public  Roads,  may  be  obtained  upon  request  addressed  to 
Public  Roads  Administration,  Willa*-d  Bldg.,  Washington,  D.  C. 
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Receipts    1938 

128 
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Disposition  of  State  Motor-Carrier  Tax 

Sample    of    Data    Obtained    in    Study    of 

Receipts,   1938 

129 

Motor- Vehicle     Passing     Practices     in 

Disposition     of     Receipts      From      State 

Illinois 228 

Imposts   on    Highway   Users,    1938 
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Absorption,  water: 

by  cotton  mats  used  in  curing  concrete  pave- 
ments  ...      216 

by  loess  subgrade  soils  as  cause  of  cracking 

of  concrete  slabs lis 

by  mortar  specimens  variously  cured.  (19, 70,  73,  74 
sec  also  Moisture  content. 
Access  to  highways,  control  on  proposed  toll 

road  system 65 

Accidents,  highway: 

cost  of,  Wisconsin  data... 152 

prevention  of,  Wisconsin  programs  for 145-152 

see  also  Passings  on  highways,  vehicle. 
Admixtures: 

calcium  chloride  admixture  as  concrete  cur- 
ing agent 67-69,  7 1 .  72.  74,  75 

water-retentive   chemicals,   use    with    non- 
plastic  materials  .   173-187 

Aggregates: 

aggregate-type  surfacing  materials,  coarse- 
graded— 

specifications 183, 184 

use  of  water-retentive  chemicals  as  ad- 
mixtures in 17.'i-187 

bituminous  aggregates- 
capacity  for  bituminous  materials,  deter- 
mination.  58.61 

compaction  tests 55-61 

types,  quantities,  gradings,  mixing  and 
spreading  methods  used  in  experi- 
mental   bituminous-treated    sur- 
faces on  sand-clay  and  marl  bases    21-  12 
vibrator-compacted  aggregates,  density 

tests 56-61 

compactibility,  determination  by  vibratory 

machine  (ne  w) 55-61 

concrete  aggregates- 
character  as  influencing — 

cracking,  pavement 118 

thermal  coefficient  of  expansion  and 

contraction  of  concrete 97 

interlock  as  affecting  shearing  stresses 
in  steel  reinforcement    at    w-eak- 

ened-plane  joints 210 

typo  used  in  mortar  specimens  in  investi- 
gation of  concrete  curing  methods         6!) 
types,  quantities,  and  gradings  used  in 
experimental   reinforced   concrete 

pavement  (Indiana) 210,211 

for  use  in  base  courses — 

possible  segregation  of  fine  aggregates  in 
sand-clay-gravel  base  course  ma- 
terials, relation  to  plasticity  index 

requirements 17 

study  of  sand-clay-gravel  materials.  112,  Hi,  17 
An  contents  of  circular  track  test  sections  of  bi- 
tuminous treated  sand-clay-gravel 

bases  after  traffic  tests .    10,11 

Air  curing  of  mortar  specimens  in  investigation 

of  concrete  curing  materials 08-74 

Air  jets,  use  in  blasting  operations  in  fill  con- 
struction over  swamps 200 

Air  supply  systems  in  stabilometerassemblics.  134-137, 

139-144 
American  Association  of  State  Highway  Officials, 

criteria  for  highway  marking  189-194,  202 
Angles  (steel),  use  in  joints  of  experimental  rein- 
forced concrete  pavement 211,212 

"Arlington  tests"  of  concrete  pavements 87-104, 

107-126,206,207 
Asphalt  joint  filler,  use  in  experimental  reinforced 

concrete  pavement 210 

Asphalts,  asphaltie  materials,  see  names  of  as- 
phaltic  materials,  also  Bituminous 
materials. 
Axial  symmetry,  problems  of: 

in    computation  of  stresses    under   loaded 

circular  areas 231-237 

triaxial  shear  tests,  a 133-144, 153, 154 

Axle  loads  and  axle  spacings,  relation  to  critical 
load  stresses  in  concrete  pave- 
ments   83,126 

B 

Bar  reinforcement  of  concrete  pavements,   bar 

mat  reinforcement,   use        .   .....  125, 

205-214,218,219 
Barber,  Edward  S.  (E.  S.),   author  and  joint 
author: 

a 13-16,133-144,153,154 

r.top 157  (fn), 161  (fn),162(fn) 

Barker,  F.  N.,  a 228-230 

Barnett,  Joseph: 

a 189-194,202 

r.  to  p 217 

Base  courses: 

concrete  base  courses,  thickened-edge  design 

of 107 

241632—40 
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materials  [or 

blends  of  .   ........     59  61 

characteristics  of  various  materials,  soil 

constants 1,17,21,39,43,58,174 

crusher-run        materials,        chemically 

treated 173,  isi-is7 

graded  soils,  grading  of  materials  ...   ...    1—12, 

16.17,38-43.57-01,  173-187 
marl,  limerock..  21,  22,  24.  20-32.  30,  38.  39,  12,  43 
mixtures  of  granular  aggregate  and  clay 

binder 173 

nonplastic  materials — 

serviceability 1-7,9-12. 16,  17,  185-187 

treatment       with      water-retentive 

chemical  admixtures ..     ...  173-187 

d-clay 1,3,  6,  9,  11,  12,  16,  21,  22,  25.  20. 

30-39,  42,  43,  57,  58,  173  (fn) 

sand-clav-gravel 1-12, 

10, 17,57-60, 173  (fn),  187 
specifications  for — 

coarse-graded  base  course  materials  i,85-is7 

sand-clay-gravel 11. 16, 17 

movement,  settlement 29-37,39. 177, 179,181 

type  and  condition,  relation  to  stability  of 

bituminous  surfaces  ...     1-12. 

16,17,29-39,42.  13,  185  1ST 
Basin  shaped    surfaces   under    loaded    circular 
areas,  points  of  greatest  shearing 

stresses  on 232.  236,  237 

Bates  Road  tests,  r.,  r.  to  p .  .87,104,107 

Bearing  areas: 

circular  bearing  areas — 

loaded  circular  areas,  stresses  under     .  231-237 

ul  loads  on  pavements 87,89,90.94-96 

shapes  of.  under  tires   .   87,89,90,94  96  232 

Bearing  power  of  soils,  see  Bearing  areas  -.Sup- 
porting power  of  soils. 

Beckham,  W.  K„  joint  author,  a 21-43 

Bellows  type  of  stabilometer Hi.  143 

Belt  line  routes  in  highway improvementplan.  05.00 
Bending  stresses  in  concrete  slabs,  development        96, 

205.  210 
Beiiham,  Sanforii  W„  joint  author.a..  205-21  I.  218,  219 

Benkelman,  A.  C„r., r.  top 231,  232,  237 

Bibliographies  relating  to: 

concrete  pavements,  structural  design  of  .  102-104 

earth  problems,  soil  mechanics 153-154 

highway  safety  (r.,  Wisconsin) 148 

Bicyclists,  instruction  in  safe  practices   (Wis- 
consin)         1 17.  152 

Billet  steel,  use  as  reinforcement  in  experimental 

concrete  pavements 205-214.  218,  219 

Binders,  binding  materials: 

bituminous  binders,  types  used  in  mixed 
mats  on   experimental  sand-claj 

and  marl  bases 21  -38 

moisture  films  as  binders  of  nonplastic  aggre- 
gates       173 

nonplastic  binders,  data  from  study  of  water- 
retentive  chemical  admixtures..  17::  187 

plastic  binders,  clays 1-12, 

16,  17,  21-43,  57-60,  173,  187 

Biot,  M.  A.,  r.,  r.  top.. 162 

Bituminous  concrete  pavements,  blended  aggre- 
gates for _ 60,61 

Bituminous  materials: 

as  concrete  curing  agents 67-75 

hot-application    materials,    warmed    mate- 
rials   2,21,31.58.  174 

liquid  materials 21-43,07  75 

types,  quantities,  and  application  methods 
used  in — 
construction  of  experimental  surfaces  on 
sand-clay   and  marl  bases,  com- 
parative value  of  various  types..    21-37, 
39,  42,  43 
surface  treatment  of  experimental  bases.        2, 
21-37,39,42,43,  174 
Bituminous  surface  treatment: 

as  affecting  stability  of  mixtures  of  granular 

aggregate,  and  clay  binder 173,  175 

of  nonplastic  materials  treated  with  water- 
retentive  chemicals 173-187 

of  sand-clay  and  marl  base  course  mate- 
rials  21-37.39,42,43 

of  sand-clav-gravel  base  course  materials..  .   1-12. 

16,  17 
Bituminous  surfaces: 

cost  data  for  experimental  surfaces .  .       22, 

23.  27-38,  12,  43 
design  and  construction — 

comparative  value  of  mixed-in-place, 
penetration,  andsurface  treatment 
methods,  South  Carolina  experi- 
ments   21-43 

r.top 26  (fn),  55  (fn),  58  (fn) 

tests  of  mixtures — 

circular  track  tests 1-12,  16,  17,  173-187 

r.  top -      153 
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Blading  operations  in  base  course  construction  2, 

21,26,27,32,38 
Blasting 

accelerated     settlement    of    embankments 

by .   .   197  202 

swamp    mat    and    underfill    blasting    and 

costs  of.    ...  ...   197  202 

Blends  of  aggregates 

blending  curves   for  crushed   gravel,   sand. 

and  pulverized  soil 59 

determination  of  best  combination  for  base 

course  or  surface  construction  59  61 

"Blow-ups"  in  concrete  pavements 112, 120,  205 

Bond: 

between   adjacent    slabs   in   concrete   pave- 
ments, prevention  by  use  of  joint 

fillers 120, 122 

between  concrete  and— 

dowels  and   prevention   of  at  joints  in 

concrete  pavements  .   120.121,210 

steel    reinforcement  I  of  concrete    pave- 
ments— 

breaking  at  joints 209,210.219 

nil  1  ion  to  cracking  of  slab        .. 119, 

205.  2110,  20|i,  '.'lo 
steel  tie  bars  at  joints,  breaking  of      .    .       122 
in   road   surfaces  and    bases,   see   Binders, 
binding  materials. 
Bond  stress,  allowable  unit  bond  stress  in  steel 
tie    bars    in    joints    in    concrete 

pa  vcments 121 

Bonded-steel    reinforcement   of  concrete   pave- 
ments, experiments 205-214. 21s.  219 

Bonded  tie  bars  at  joints  in  concrete  pavements, 

use -    119-122.  121.  125 

Bonds    (highway)    ami    noles,    allocations    for 
'  1  v  ire  of.  from  various  State  tax 

receipts,  1938 127-130 

Borrow  materials,  use  in  reconstruction  of  em- 
bankments through  swamp  areas.      198. 
200-202 

Boussinesq  formulas,  r    ..  162,231 

Bouyoucos  hydrometers,  use  in  soil  tests  ...  .   13  16 
Bradbury,   Royall   I).    (R.   D.),   formulas  and 

r.  top..  85,  so, '.10,  or,  98,  tin,  115  (fn),12fi 
Brake  testing  lanes  on  highways  (Wisconsin)  .  119.  152 

Bridge  floor  design,  r.  to  p ...  230 

Brooming     in     construction     of    experimental 

bituminous-treated  surfaces  21,31 

Buchanan.  James  A.   (.1.   A.),  joint   author,  r., 

r  top. 120,231 

Buisman,  sec  Keverling-Buisman,  A.  S. 
Bureau  of  Reclamation,  stabilometcrs  used  by.  .    136, 

139,140.  142 

Burlap  as  concrete  curing  agent ...   .       07-75.21.1 

Burmister,  1) .  M   142,143,153 

Busses,  motor: 

publicly  owned    busses    in    United    Stales, 

1938 .       107 

registration  fees,  receipts  from  (1938) 79 

registrations  (193S) .  78 

tire  equipment  and  impact  factors  for  opera- 
tion on  concrete  pavements 84-85 

Butt  joints  in  concrete  pavements 120-122, 

124.  125 

Byerly,  W.  E.,  r.top. 234  (fin 

Bypass  roads  .   . . 02,05,00 

C 

Calcium  chloride: 

as     admixture     in     nonplastic     road     ma- 
terials     173-177, 179, 184- ISO 

as  concrete  curing  agent ..  07-75 

surface     application     to     nonplastic     road 

materials 173-175,181-180 

Calculating  board  for  computation  of  soil  grain 

sizes .   .    .    .   . .    ..         10 

Capillary  moisture  in  soils ...     ...  1,4, 

10,  11,  136,  lsO.  184,  ISO,  198 
Caravan  taves,  motor-carrier  tax  receipts  from, 

1938 ..  so 

Carothers,  S.  D.,  r.,  r.  top 157,102,231-237 

Carpenter,  C.  A.,  joint  author: 

a 1-12,  10,  17.  173-187 

r.top.  ....   173  (fn) 

Casagrande,  Arthur. . 136,153 

Catudal,  A.  L 120 

Cell    apparatus    for    testing    undersoils    (Hol- 
land)    -    138-140 

Cement: 

as  admixture  in  micaceous  soils,  densities 

of  compacted  mixtures 58 

quantity  used  in  mix  for  experimental  rein- 
forced concrete  pavement.. 210 

Cementing  values: 

of  materials  used  in  base  courses— 

crusher-run  limestone  and  slag 18; 

limestones  or  marls 26,39 

see  also  Binders,  binding  materials. 
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Centerline  marking  of  highways.    189-194,  202 

Certificate  or  permit  fees,  motor-carrier  tax  re- 
ceipts from  (1938).-- 80 

Certificates  of  title   (motor  vehicle),  receipts 

from.  1938. 79, 168, 170 

Chemicals,  water-retentive,  use  as  admixtures 
in  and  for  surface  application  to 

nonplastic  road  materials _  173-187 

Chips,  stone  cover  materials,  quantities  and 
sizes  used  in  construction  of  exper- 
imental bituminous  surfaces 2, 

24-29,31-37,41,42,174 
Chuck  holes,  development  in  circular  track  test 
seel  ions    of    bituminous    surface 

treated  sand-clay-gravel  bases 5, 6 

Circular  contact  areas: 

assumption  in  calculations  of  relation  be- 
tween contact  areas  of  rubber  tires 
and  wheel  loads  on  pavements, 

equivalent  circular  areas 94-96, 

232.  236  237 

loaded  circular  areas,  stresses  under,  a 231-237 

of  loads  on  pavements  (interior  loads,  corner 

loads)  and  stresses  produced 87-90, 

94-96 
Circular  test  track: 

aggregate  samples  from,  densities  compared 
with  densities  of  aggregates  com- 
pacted in  laboratory 57,  58 

description  and  r,  to  p. 173 

Circular  track  tests: 

of    nonplastic    granular    materials    treated 

with  water-retentive  chemicals.  173-187 
of  sand-clay-gravel  base  course  materials  ...  1-12. 

16,17 
Cities: 

"Our  Cities,"  report,  r 65 

residents  of,  motor-vehicle  ownership  and 

travel  by 46-49,  53,  54,  62, 63 

Ira  flic  in  and  near — 

congestion  of,   relief  by   highway   im- 
provements   62,  65,  66,  75 

origins  and  destinations  of  (general) 66 

see  also  Streets,  city 
('lavs  and  clayey  soils: 

as  binders  in  soil  mixtures,  sand-clay,  sand 

clay-gravel 1-12, 

16. 17,  21-43,  57-60, 173. 187 
clay  layers  under  foundations,  stresses  (ver- 
tical) at  boundaries  of,  computa- 
tion       231 

clav  strata  underlaid  by  rock,  design  of  fill 

supported  by 157-162 

clav  subgrades — 

'  subgrade    consolidated   in    laboratory, 

subgrade  modulus  value 93 

under  flexible  pavements,  supporting 
power,  relation  to   thickness    of 

pavement ..      236 

in  swamps,  stabilization  of  fills  over,   by 

blasting 197-202 

stabilometer  test  data 133, 134. 137, 138 

Clearances  of  motor  vehicles  during  passings  on 

highways... 229,230,237 

Cohesion  in  soils 133, 

137-139, 143, 144, 153,  157-162, 198 
Colloid  contents  of  subgrade  and  base  course 
materials  used  in  experimental  bi- 
tuminous-treated surfaces  (South 

Carolina) 21 

Color  blindness  in  motor-vebicle  drivers,  test 

data   147 

Coloring  of  cotton  mats  used  for  curing  concrete 
pavements,  relation  to  insulating 

qualities  of  mats ..      216 

Columbia  Pike  experimental  pavement,  Arling- 
ton County,  Va.: 

condition  data...    206,207,218 

steel  reinforcement  of ..  206,207,218 

Column  action  of  concrete  pavement  slabs 1 12, 1 13 

Compaetibility: 

of  aggregate-type  surfacing  materials,  data 
from   studies   of   water-retentive 

chemicals... 173,174,181-187 

of  aggregates — 

data  for  blended  aggregates ....  58-61 

densities  obtained  by  various  methods 

of  compaction  . .  -   57,  58 

limits  as  determined  by  vibratory  ma- 
chine, relation  to  field  densities  of 

aggregates 58,01 

rates  of  consolidation  of  various  types  of 

aggregates 57 

of  soils  (various)... 1-12. 

16, 17,  21-43,  57,  58, 173-187 
( )ompaction,  consolidation: 

of  base  course  and  surfacing  materials  during 
construction,   relation   to   service 

behavior 1-12,16,17,55,58,187 

of  base  course  materials  for  bituminous  sur- 
faces, settlement  of  bases  (marl, 
sand-clay)  by  consolidation  ...  32,34-37 
of  concrete  pavements,  vibration  method...     210. 

212,  213 
of  experimental  bituminous-treated  surfaces, 

methods  used       1,2, 

21,26,29,31-38,173,174 
of  foundations— 

accelerated  settlement  of  embankments 

by  blasting 197-202 

consolidation  of  clay  strata  underlaid  by 

rock  and  supporting  earth  fills 157, 

161, 162 
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of  foundations— Continued. 

consolidation  pressures  and  their  relation 
to  failure  of  undersoils  of  embank- 
ments   133-144,  153,  154 

settlement  of  foundations  by  consolida- 
tion, rate  of,  determination  of 231 

of  samples  (soils,  plastic  materials,  etc.)  in 

stabilometer  tests 135-144,153 

of  soils— 

to  increase  rigidity  of  fills 162 

triaxial  shear  test  data 133-144, 153, 154 

Compaction  tests,  consolidation  tests,  of  mate- 
rials  1,2,9,10,17,55-61,174,185,198 

Compactors,  vibratory: 

new  machine 55-61 

types  used  in  construction  of  experimental 

reinforced  concrete  pavement...  212,213 
Compressed  air  systems  in  stabilometer  assem- 
blies   134-137,139-144 

Compressible  fillers,  use  in  joints  of  concrete 

pavements.. 120-122 

Compression: 

direct  compression — 

as  cause  of  concrete  pavement  failures, 

comparison  with  column  action. __      113 
compaction  of  aggregates  by,  compari- 
son   with    compaction    by    other 

methods 55, 57,  58 

in  extreme  fibers  of  flexure  specimens  (con- 
crete, mortar)  incompletely  satu- 
rated         73 

sec   also   Compaction — Compaction    tests — 
Compression  devices. 
Compression  devices  used  in  triaxial  shear  tests.     133- 

144  153  154 
Compressive  strength  of  concrete: 

compressive,  failures  in  concrete  pavements— 

as  caused  by  column  action 112, 113 

relation  to — 

age  of  concrete 113 

length  of  slabs 113 

core  tests  of  concrete  cured  by  cotton  mats . .      216 
data  for — 

average  paving  concrete 93 

crushed  stone  concrete,  Ohio  PostRoad..     118 

gravel  concrete,  Ohio  Post  Road 118 

relation  to  modulus  of  elasticity 93 

Compressive  stresses  in  concrete  pavements  ...      97, 
99, 112-114,  120, 122,  205 
Concrete: 

age,  relation  to  strength 108, 109, 113 

strength — 

ultimate  strength,  relation  to  factors  of 

safety  in  pavement  design 83, 

86, 87, 108, 126 
see  also  Compressive  strength— Flexural 
strength— Tensile  strength. 
Concrete  pavement  slabs: 
design — 

cross  sections. 107-112,126,209 

r.  to  p 103.  104,  107,  126,  206  (fn),  207  (fn) 

structural  design,  application  of  the  re- 
sults of  research  to 83-104, 

107-126, 207  (fn) 
thickened-edge    design,    thickened-end 

design  ...  86, 97, 107-1 12, 1 18, 120-126,  209 
see  also  names  of  features  of  design, 
dimensions  (general) — 

data  for  experimental  reinforced  con- 
crete pavements 206, 209 

relation  to  temperature,  warping  stresses 

developed  in  slabs...  96-102, 109-112,  207 
length(s) — 

increase  through  use  of  longitudinal  steel 

reinforcement 112,  118,207-209 

practice,  trend  of.. 205 

relation  to — 

stress  development  in — 

and  cracking  of  slabs 98, 

100-102, 109-117, 123,  126,  205-209.  218, 
219 

steel  reinforcement 206-209,  219 

moisture  content,  see  Moisture  content  (of 

concrete), 
movement — 

horizontal  movement,  length  changes— 

as  affected  bv  subgrade  resistance  .     112— 
118,205,209.210 

measurement,  device  used  for 214,  218 

of  reinforced  concrete  pavement  slabs, 

Indiana  studies 209,  210,  212,  214 

temperature  variations — 

between  upper  and  lower  surfaces,  tem- 
perature differentials .  96-102, 

112, 118, 123, 126,  205,  207 
daily  range — 

in  average  slab  temperature 117 

relation  to  daily  range  in  air  tempera- 
ture  --..      117 

thickness — 

relation  to— 

stresses  developed  in  slabs,  stresses 

in  slabs  of  uniform  thickness...      85. 
87-94,96-103, 107-112, 117, 125,  207 

subgrade  resistance 114, 115 

required  thickness  to  resist  load  stresses, 

computation- -      108 

volume  changes 96, 205 

warping  and  stresses  caused  by. 86, 

87,  89,   90,  96-103,   107-112,   118-123, 

width-                                               126'  205'  207-210 
data  for  experimental  reinforced   con- 
crete pavement  sections 208  (fn) ,  209 


Concrete  pavement  slabs— Continued.  Page 

width— Continued. 

relation  to  warping  stresses,   develop- 
ment in  slabs 96-99 

Concrete  pavements: 

curing,  see  Curing  of  concrete. 

marking,  striping,  State,  practices 189 

reinforced  concrete  pavements- 
design  of  reinforcement 112. 

118-120,126,206-209,211 
experimental  reinforced  concrete  pave- 
ments— 

Arlington  curing  experiments 206,  207 

Columbia  Pike. 206,207,218 

experiments  with  continuous  rein- 
forcement, a 205-214,218.219 

Indiana  experimental  pavement 207- 

214,218,219 

stresses  in,  analyses  of 83-104, 107-126, 205-210 

Consolidation,  see  headings  beginning  Compac- 
tion. 
Contests,  safety,  in  highway  safety  promotion 

(Wisconsin). 148, 151 

Contraction: 
of  concrete — 

longitudinal  and  lateral  contraction  of 

concrete  pavement  slabs 112- 

118,125,126,209,219 

subgrade  resistance  to 205,208-210 

thermal  coefficient  of  expansion  and  con- 
traction  96-102,112,116,118 

of  steel  reinforcement  in  concrete  slabs 208 

Contraction  joints  in  concrete  pavements: 

spacing 113,114,120,205,209 

transverse  contraction  joints,  types  and  effi- 
ciency of. 120-126 

types  used  in  experimental  reinforced  con- 
crete pavement. 209, 210 

Contraction  stresses  in  concrete  pavement  slabs.    112- 

117,205 
Coordination  tests  of  drivers  of  motor  vehicles 

(Wisconsin) 146 

Core  tests  of  concrete,  see  Compressive  strength 

of  concrete. 
Corner  formulas  for  computation  of  stresses  in 

concrete  pavements 87-90 

Corner  loads  on  concrete  pavements: 

bearing  areas  of,  shape  of  in  Westcrgaard 

analysis 95-96 

see  also  Corner  stresses  in  concrete  pave- 
ments. 
Corner  stresses  in  concrete  pavements: 

as  affected  by  joints  in  pavements. 1 25 

corner  load  stresses — 

analysis  and  computation  of 87- 

97.  99, 101-103, 107, 110,  125,  207 

relation  to  edge  load  stresses. 125 

corner  warping  stresses,  computation  of —  99-101 
stresses  at  free  corners  and  at  joint  corners, 

difference  between 125 

Corps  of  Engineers,  United  States  Army,  sta- 

bilometers  used  by 135, 136, 153 

Corrosion: 

of  steel  reinforcement  of  concrete  pavements, 

prevention 208 

of  steel  tie  bars  in  joints  of  concrete  pave- 
ments, prevention 122 

Cotton  mats  as  curing  agents  for  concrete  pave- 
ments: 

cost  of,  a... — 21.5-216,219 

effectiveness. -  67,74,216,219 

Counters  and  detectors,  traffic 195-196,203,228 

County  (and  State  and  municipal)  ownership  of 

motor  vehicles 167 

County  roads  and  local  roads: 

county  roads  and  township  roads,  mileage 

data  (United  States) 46 

funds  for,  from  various  State  tax  receipts, 

1938 127-130 

County  safety  councils,  activities  of  (Wisconsin).    145- 

152 
Cover   materials  used  on   experimental   bitu- 
minous surfaces. 2, 

24-29,31-37,41,42,174 
Cover  plates,  use  in  structural  steel  joint  assem- 
blies  in   experimental   reinforced 

concrete  pavement 212 

Covers,  metal,  use  in  wet  burlap  curing  of  mortar 

specimens. .' 68 

Crack  survey  of  experimental  reinforced  con- 
crete pavement,  proposed 214 

Cracks: 

in  bituminous  surfaces — 

on  chemicallv  treated  nonplastic  road 

material 177,180-182 

on  sand-clay  and  marl  bases.. 27-37,39 

on  sand-clay-gravel  bases 3-5 

in  concrete  pavements— 

as  affecting  impact  reactions  to  wheel 

loads -85,86 

edge  strengthening  along  cracks 112.118 

formation 98, 

99,  111-113,  117-120,  125,  126.  205-209, 
211,  218,219 
maintenance,  relation  to  effective  width 

of  expansion  joints 113 

spacing  in  experimental  reinforced  con- 
crete pavement. 207,  218 

h idths — 

limitation  of --      119 

relation  to  elongations  of  steel  rein- 
forcement       119 
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Critz,  Paul  F.,  joint  author,  a 21-43 

(  rushed  stone: 

percentages  and  gradings  in  blended  aggre- 
gates of  the  type  used  in  bitumi- 
nous concrete 60 

quantities  and  sizes  used  in  construction  of— 
bituminous-treated    surfaces    on    sand- 
clay     and     mar!     bases,     experi- 
mental   22-37,  40-42 

reinforced    concrete    pavement,    experi- 
mental  210,211 

use  for  surfacing  of  road  built  over  swampv 

area .   197.202 

see  also  Crushed   stone  concrete— Crusher- 
run  materials. 
Crushed  stone  concrete,  comparison  with  gravel 
concrete   in   respect   to  strength, 
modulus    of    elasticity,    thermal 

coefficient  of  expansion 118 

Crusher-run  materials: 

as  base  course  materials  and  as  surfacing 
materials  in  studies  of  water- 
retentive  chemicals 173.  181-187 

specification  limits.. 184, 185,  1S7 

Cummings,  A.  E 232 

Curbs,  lip-curb  design  of  concrete  pavements  ..       107 
Curing  blankets  (burlap  and  jute)  as  concrete 

curing  agents.. 67  75 

Curing  cabinet,  use  for  mortar  specimens.  68,  69.  71,  73 
Curing  of  concrete: 

as   protection  of  pavement  concrete  from 

temperature  warping 99 

cost   of   curing    concrete    pavements    with 

cotton  mats,  a 215-216,  219 

cracking  of  pavements  slabs  during  curing, 
data  for  pavements  constructed  on 

loess  soil 1 18 

materials  and  methods — 

investigations  of 67-75, 

104,118,206,207,215-216,219 
used    in    construction    of   experimental 

reinforced  concrete  pavement 213 

r.  top 101,200  (fn) 

specifications    (standard),    development   of 

tests  for  use  in G7-75 

Curves,  highway: 
desicu — 

Argentine  method,  adaptation  of  hand- 
book to .      217 

transition  curves,  handbook  on,  publica- 
tion notice  of 217 

maximum  curvature  of  experimental  con- 
crete road  in  Indiana .      208 

striping  of,  marking  of,  State  practices.. .  189-193 
Cushion   tires  (motor  vehicle),  vertical  deflec- 
tions under  impact  and  equivalent 

static  loads _.       o.r> 

Cushioning  qualities  of  motor  vehicle  tires,  rela- 
tion to  impact  reactions  of  con- 
crete pavements 84. 

85,94-96,100-103,126 
Cutback  asphaltic  materials: 

as  concrete  curing  agents ■_.   .  67-75 

types  and  quantities  used  in  construction  of 
experimental  bituminous-treated 
surfaces... 21  -28,  30-34,  30,  37.  39,  42 

U 

Deflections: 

in   concrete   pavement  slabs   under   wheel 

loads 87,  118, 122,  207.  210 

in  tires  (motor  vehicle),  vertical  deflections 
of  solid  and  cushion  tires  under 
impact     and     equivalent     static 

loads 95 

see  alio  Strains. 
Deformations: 

in  concrete  pavement  slabs— 

as  affected  by  duration  of  application  of 

load,  static  load  test  data 87 

as  caused  bv  stresses  above  fatigue  lim- 
its             86 

Poisson's  ratio  as  applied  to  concrete. ..  87-91, 

100-104 
in  plastic  materials  under  load,  stabilometer 

tests  of 133-144.153,  154 

in  soils  under  load- 
data  for  clay  strata  underlaid  by  rock 

and  supporting  earth  fills 157-162 

deformation  without  volume  change  as 

critical  density  of  soil .      136 

measurement    and    apparatus    for    use 

in 133-144,153,  154 

relation  to — 

cohesion  of  soils 137-139, 143, 144,  153 

friction  (internal)  in  soils 137— 

139,  143.  144,  153 
pressure  distribution  over  circular 

contact  areas 232 

stress-deformation  diagrams  and  use  of.  138, 

139.  153 

triaxial  shear  tests,  a 133-144,153,154 

Delft  Laboratories,  r.,  r.  to  p.. .135, 136, 138-140, 143, 153 
Density  (ies): 

of  aggregates  compacted  by  vibratory  ma- 
chine— 

calculation,  method  of 56,57 

comparison  with  density(ies)  obtained 

by  other  methods  of  compaction  - .  57,  58 

values  for  various  types  of  aggregates.  56-58, 61 

u(  blended  aggregates 59-61 


Density(ies)— Continued.  Page 
of  circular  test  track  sections  compacted 
under  traffic- 
comparison  with  density(ics)  of  labora- 
tory compacted  aggregates 9, 

10,  58, 185-187 
comparison  with  density(ies)  obtained 
by  vibration,  data  for  sand-clay- 

gravcl  base  course  materials 9, 10, 17 

data   for   nonplastic   materials   treated 

with  water-retentive  chemicals.  - .     170, 
185-187 
of  crusher-run  surfacing  materials  used  in 
studies  of  water-retentive  chemi- 

cals 174,185,186 

of  experimental  bituminous-treated  surfaces 
on  sand-clay  and  marl  bases- 
comparison  of  original  and  final  gradings 
of  aggregates  with  Fuller's  curve 
for  maximum  practical  density...  40-42 

r 27,30,31,36-43 

relation  to  crushing  of  aggregates  under 

service  conditions 40-43 

of  field  samples  of  hot,  plant-mix  surfacing 
materials,  comparison  with  dens- 
ity(ies)   of  laboratory  compacted 

aggregates 58 

of  soils — 

critical  density(ies)  of  sands,  determi- 
nation    130, 153 

maximum   density(ies)   of  base   course 
materials — 
as  obtained  by  drying  as  well  as  by 

compaction 17 

importance  of  compaction  to 17 

see  also  Density  tests— Specific  gravity  (ies). 
I  lensity  tests,  compaction  tests,  of  materials: 

Proctor  compaction  tests. 1,  2, 17, 171, 185 

vibratory  compaction  tests 2, 

9,10.17,55-01,  171,  185 
Design,  highway,  see  names  of  types  of  highways 

and  names  of  features  of  design. 
Diabase  as  concrete  aggregate,  influence  upon 
thermal  coefficients  of  expansion 

and  contraction  of  concrete 97 

Displacements,  surface,  of  bituminous  test  sec- 
tions of  circular  track 3- in, 

17, 175-183,  185,  186 
I  ii  tance   data   from   studies   of  motor-vehicle 
passings  on  highways  (sight  dis- 
tances, passing  distances)...  222-230,  237 
Distance  judgment   tests  of  drivers  of  motor 

vehicles  (Wisconsin). .  ..   146,149 

Distillates  of  cut-back  asphalts  used  in  experi- 
mental road  in  South  Carolina: 

analysis 22 

character,  relation  to  amount  of  fines  re- 
quired    ..  42 

Distillation  test  data  for  bituminous  materials 
used    in    construction    of   experi- 
,)i(   ,  mental  surfaces  in  South  Carolina.        22 

relief  ditches  al  sides  of  tills  over  swamps, 

making  by  blasting. 198  200 

side  ditches,  use  on  experimental  bitumi- 
nous-treated road 22,  38 

Divided  highways,  recommendation .  66 

Dowel  caps,  dowel  sleeves 120.  121.  123 

Dowel-plate  expansion  joints  in  concrete  pave- 
ments   -  121,  124 

Dowelled  joints  in  concrete  pavements: 

efficiency  122-125 

use    in    experimental    reinforced    concrete 

pavement ..  209,210,212,213 

I  towels  for  use  in  joints  of  concrete  pavements: 

bond  with  concrete,  breaking  of .     120, 121,210 

design ..   120-123,212 

embedment  in  concrete  slab,  effective.      ...       123 

installation  method 121-123,212 

length 123,210 

load  transfer,  relation  to  width  of  joint  and 

diameter  of  dowel 123 

pavement  failure  at 123 

sparing _ 122-124,210,212 

I  irainage: 

of  base  courses  and  road  surfaces    11, 

17,  22,  27-32,  35-38,  42,  107,  118,  170, 
178, 181-184,  202 

of  fill  soils 162, 198,  202 

Drilling  operations  and  costs  in  fill  construction 

by  blasting 198-202 

Drivers  of  motor  vehicles: 

driving  habits 147, 150, 189,  221-230, 237, 238 

driving  testing  equipment,  use  in  Wis- 
consin  145-147,149,152 

education  in  highway  safety 145, 149, 150, 152 

Drying  methods  and  equipment 2, 

4,  10,  17,  20,  29,  31,  34,  36,  39,  56.  177. 
179,  180,  180,  210 
Ductility,  test  data: 

for  bituminous  materials  used  in  experi- 
mental surfaces. 22 

for  extracted  bitumen  from  experimental 
bituminous    mats    on    sand-clay 

bases 34 

Dummy  joints,  weakened-plane  joints,  use  in 

concrete  pavements 121, 

„      .  122, 124, 125,  209-213,  218,  219 

Dust: 

formation  on  roads 26, 173, 180, 182-184, 186 

loss  in  vibrator-compacted  aggregates. 57 

rock  dust,  compaction  by  vibratory  ma- 
chine  56 

use  as  bituminous  aggregate 22-42, 

55,57,60,61,173-186 


Pagi 

Dust  ratios  of  several  materials     1,  57,  60,  61,  171.  184  -186 


Earth  and  gravel  roads: 

bituminous-treated  soil  bases 1-12, 

16,17,21-43,173-187 
travel  and  operating  costs  of  rural  mail-car- 
rier motor  vehicles  on ..      217 

Earth  coverings  (wet)  as  concrete  curing  agents.        07 
Earth  pressures  against  retaining  walls,  triaxial 

shear  test  data 133-141, 153. 154 

Earth  problems,  solution  by  analyses  of  stresses 

under  loaded  circular  areas 231-237 

Edge  loads  on  concrete  pavements: 

contact  areas  of 87, 90, 95, 96 

stresses  produced  bv .  85-90. 

101-104,  107-112, 122, 123, 125,  126,  207 
Edge  strengthening  at  joints  in  concrete  pave- 
ments     111,  112, 118, 120-122, 125, 120 

Edge  stresses  in  concrete  pavements: 

analyses  of.  85-104, 107-112, 118, 122, 123, 125, 120,  207 
relation  to — 

corner  stresses  and  interior  stresses       .        87, 
88,  92-94,  96-99,  107, 125,  207 

lengths  of  slabs 08.  102 

Edge  warping  of  concrete  pavement  slabs  and 

stresses  produced  by 90-103. 

107,110,123,  125 
Edges,  thickened: 

of  bituminous  mat  on  experimental  bitu- 
minous-treated surface  on  sand- 
clay  base 32 

of  concrete  pavements .  86, 

97, 107-112, 118, 120-126,  209 
Education: 

funds  for,  from  various  State  tax  receipts,  1938.  127- 

130 
in  highway  safety,  methods  and  costs 

(Wisconsin) ..  145-152 

Elastic  limits  of  steel  and  relation  to  design  of 

concrete  pavements 83,119,207-209 

Elastically    isotropic    materials    under    loaded 

circular  areas,  stresses  in 231-237 

Elasticity: 

of  concrete- 
data  from  analyses  of  stresses  in  concrete 

pavements 87-90, 

92-94,  96,  98-103, 112.  1 18.  207 
modulus  of— 

comparative  data  for  gravel  concrete 

and  crushed  stone  concrete 1  IS 

determination,  r.  to  p 104 

relation  to  compressive  strength,  de- 
sign recommendations. 93 

value  suggested  for  general  use  94 

nf  soils,  elastic  action  of  soils.  38, 114, 110, 117,  133, 198 
ni    sleel    reinforcement    of   concrete    pave 

ments 83, 119,207-209 

theory  of— 

application  in  solution  of  earth  prob- 
lems    157-102,231-237 

r.  to  p ....   157  (fn),  158  (fn), 

232  (fn),233  (fn),  234  (fn) 
Electrical  equipment,  use  with  traffic  recording 

instruments... 203  22S 

Embankments: 

accelerated  settlement  by  blasting,  a 197-202 

pressures  on  and  stresses  in  soils  of,  triaxial 

shear  tests 133-144,153.  154 

Emmons,  W.  J.,  r.  to  p 55  (fn),  58  (fn) 

Emulsions: 

asphalt  emulsions,  use 21-43,67-75,  216 

rubber  (latex)  emulsions  as  concrete  curing 

agents. 07-75 

Erosion,  prevention  of ..   17,107 

Excavation  in  fill  construct  ion 161,197  202 

Excess-taking  of  land  for  highways. .. 65 

Exhibits,  use  in  highway  safety  education 110,  151 

Expansion    caps,    use    in    dowelled    expansion 

joints  in  concrete  pavements 120, 121 

l  1 1  inision  joints  in  concrete  pavements: 

spacing  and  width  of  .  ..   ...     112-114,119, 

120.  125.  205,  207,  200.  212,  218.  219 
transverse  expansion  joints,  types  and  effi- 
ciency of 120-120 

types  used  in  experimental  reinforced  con- 
crete pavement 209-213,  219 

Expansion  of  concrete: 

amounts,  data  for  test  slabs 113, 114 

longitudinal  and  lateral  expansion  of  con- 
crete slabs 112-114, 125, 120,200.  219 

subgrade  resistance  to 205,  208-210 

thermal  coefficient  of  expansion  and  contrac- 
tion   96-102,112,110,  lis 

Expenditures,  highway: 

funds  for,  from  various  State  tax  receipts, 

1938 .    127   130 

see  also  headings  beginning  Federal-aid,  also 
Improvement,  highway. 
Experimental  roads  and  test  sections: 

bituminous  surfaces -  1-12. 

16,  17,21-43,57,58,  173-187 
concrete  pavements- 
Arlington  tests.  87-104,  107-118,  122-120,  200.  207 
reinforced  concrete  pavements.  206-214,  21  s,  219 
usefulness  of  experimental  roads  in  study 

of  concrete  curing  materials 67 

Explosives,  use  in  accelerated  settlement  of  em- 
bankments..  197-202 

Express  highways: 

depressed  highways 66 

need  through  and  around  cities —      65,66 


INDEX  TO  PUBLIC  ROADS,  VOLUME  20 


Page 
Rye  examinations  in  tests  of  drivers  of  motor 

vehicles 146 

F 

Fabric,  welded,  as  steel  reinforcemenl  oi  con- 
crete pavements     -     125,205-214,218,219 

Fascines,  use  as  reinforcement  of  earth  fills 162 

Fal  igue  limits  ol  concrete: 

definition         -   86 

design  stress  in  relation  to 86,  Ills.  126 

,    top  "B 

under  continuous  fatigue  loading  and  under 

loading  with  short  rest  periods —        86 

under  impact  loads 80 

under  pavement  loading  conditions 108 

under  static  loads --        86 

Federal-aid  grade  crossing  projects,  status  of---        81, 
171;  rear  covers  of  Nos.  1-3,  5-7.  9  12 

Federal   Vid  Highway  Act  of  1938,  r 65 

Federal-aid  highway  projects,  status  of 18,  44, 64, 

82,  105,  131,  155,  172.  188,  204,  220,  239 
Federal-aid  secondary  or  feeder  road  projects. 

status  of 19,106,  132, 

156,  240;  rear  covers  of  Nos.  2-4,  8-11 

Federal  Land  Authority,  recommendation 75 

Federal  ownership  of  motor  vehicles 107 

Feeder  roads; 

Federal-aid  secondary  or  feeder  road  projects. 

statusof 19,106,132, 

156,240;  rear  covers  of  Nos.  2-4,8-11 
inclusion  in  Master  Flan  for  improvement  of 

national  highway  system 66 

In       sci     Licenses,   permits,   etc.    (motor-fuel, 
motor  vehicle)— Registration  fees 
i  on  .tor  vehicle). 
Felt     tarred,   as  joint  filler  in   concrete   pave- 
ments   120,121 

Fiber,  impregnated,  use  in  joints  in  experi- 
mental reinforced  concrete  pave- 
ment   210.212 

Fillers: 

dust    use  in  bituminous  mixtures 22-42. 

55,57,60,61,  173  186 

joint  fillers  for  use  in  concrete  pavements. ..     ill, 

111,120-122,125,210 

Fills,  earth: 

construction- 
over  mudflats,  r.  to  p..-- _  154 

over  swamps  by  use  of  blasting 197-202 

design  of  till  supported  by  clay  underlaid 

by  rock,  a '•"    "'-' 

Films,  use  in  highway  safety  education 145- 

148,  150-152 
Finance,  highway,  see  headings  beginning  Fed- 
eral-aid, also  Expenditures,  high- 
w  ay— Improvement,      highway— 
Revenues,  highway. 
Fines  and  penall  it  s,  receipts  from  in  connection 

with  various  State  taxes  77.  79,  170 

Finishing  of  concrete  pavements,  methods  and 
equipment  used  in  construction  of 
experimental    reinforced    concrete 

pavement.  212,  213 

First-aid  methods,  training  of  traffic  officers  in  -      150 
Flexible  pavements: 
design — 

analyses  ol  stresses  under  loaded  circular 

areas  as  guide  in      231-2:57 

r.  top...  -  153,231  (fn),236  (fn),237  (fn) 

use  of  triaxial  shear  tests  in...  133-144,  153,  154 
thickness,  relation  to  supporting   powei  ol 

subgrades ..  — .  231,236,237 

sci  also  Bituminous  surfaces. 
P  lexural  strength  of  concrete: 

as  affected  by  curing  materials  and  methods, 

data  for  mortar  specimens (17-75 

data  for  paving  concrete,  average 93 

ultimate  rlexural  strength,  design  stress  in 

relation  to 86,108,126 

Floats,  type  used  in  finishing  of  experimental 

reinforced  concrete  pavement  .  -  213,  214 
Forest  roads,  see  Park  and  forest  loads,  etc. 
Foundations,  soil: 
design— 

of  fills  supported  by  clay  underlaid  by 

rock    ..  157-162 

pressure  distribution  problems 231-237 

lor  rigid  loads,  triaxial  shear  tests  of 133-144, 

153,  154 
Four-lane  highways: 

four-lane  divided  highways,  recommendation       66 
striping  at  change  from  two-  or  ihree-lane 

highways.-.  .   . 192 

Franchise  taxes,  see  Licenses,  permits,  etc. 
Franklin     Falls     Dam.    cohesionless    materials 

from,  r.  to  p  . 153 

Freczii 

and  1  liau  iiej 

of  bituminous  surfaces  and  effects  of         4-6, 

8,  17,28 
of  road  materials,  testing  aftei  subjection 

to  153 

of  concrete  pavements  and  their  subgrades 
•jiir  ing  curing  ol  pavements,  pre- 
vention by  use  of  cotton  mats   ...      216 
of  subgradi 

frosl  heave  of  surfaces  on  clay  subgrades, 

prevention   .  198 

subgrade  resistance  of  frozen  materials  114 

Friberg,  Bengt  F  101,122.  124,  125 


Friction:  Page 

between  layers  of  dissimilar  earth  materials, 
assumption    in    computation    of 

stresses  under  loaded  areas 231 

internal   friction  in   soils 133,137-139, 

143,  144,  153,  157,  158,   161,  162 
Frictional  resistance  of  subrgades,  see  Subgrade 

resistance. 
Fuller's  ideal  curve  for  maximum  practical  den- 
sity,    comparison     of     aggregate 

ling    with 40-42 


I  blues 

micrometer  dial  gages,  use  with  vibratory 

machine 55,  56 

pressure  gages,  manometers,  used  in  stabil- 

ometer    tests 133,134,137-143 

Gasoline,  sec  headings  beginning  Motor-fuel. 

Gemeny,  A.  L. -      126 

General  funds  (State,  local),  allocations  to  from 

various  State  tax  receipts.  1938..   127-130 
German  investigations  of  earth  pressures  against 

retaining  walls 133,  153 

Glare  tests  of  drivers  of  motor  vehicles 146,  149 

Glass  pressure  chambers,  use  in  stabilometers . .     139, 

140,142 
Glycerine,  use  in  pressure  chambers  of  stabil- 
ometers. _ 136, 137.  1 13 

Goldbeck,  A.  T 87.  104 

Goode,  J.  F.,  joint  author,  a 55-61 

Goodrich,  E.  P 133,134, 153 

Grade  crossings: 

Federal-aid  grade  crossing  projects,  status 

of .-■ 81,  171;  rear  covers 

of  Nos.  1-3,  5-7,  9-12 

pavement  striping  at 192 

Grade  tests  of  motor  vehicles 228-230 

Graded  soils: 

specifications — 

for  aggregate-type  surfacing  materials  - .  183-187 
for  base  course  materials  .  11,  12, 16, 17. 185-187 
si  1  also  Base  courses. 
Grades,  highway: 
data  for— 

experimental  reinforced  concrete  pave- 
ment    208 

pavement  used  in  grade  tests  of  motor 

vehicles.. 228,229 

motor  vehicle  passings  on 229,  230 

reduction  of,  recommendations 66.230 

Grading  of  aggregates: 

as  affected  by  compaction  method 57-61 

data  for— 

blended  aggregates 59-61 

materials  used  in — 

experimental     reinforced     concrete 

pavement . .  .      211 

mortar  specimens  in  tests  of  concrete 

curing  methods ..  69 

studies  of  water-retentive  chemicals.    173, 
174.  183-187 
variations  in,   effects  on  sand-clay-gravels 
when  used  as  base  courses  for  bitu- 
minous surfaces -.   1-12,16.17 

variously  graded  aggregates  for  use  in  bitu- 
minous-treated  surfaces,    relative 

merits  of,  study  of 21-43 

Grain  pressures  in  model  bins,  measurement..     133. 

134. 153 
Grain  size  determinations  in  soil  tests,  hydrom- 
eter test  data 13-16 

Granite  aggregates? 

influence  upon  thermal  coefficients  of  expan- 
sion and  contraction  of  concrete. . .        97 
use  in- 
experimental    bituminous-treated     sur- 
faces on  sand-clay  and  marl  bases.     21-43 
test  sections  of  circular  track  in  studies  of 

water-retentive  chemicals 173-187 

Granular  materials: 

nonplastic  granular  mixtures,  treatment  with 

water-retentive  chemicals 173  187 

useon  undersoilsof  fills... .  162 

sei    oho  names  of  granular  materials,  also 
Base  courses. 
1  iravel: 

as  concrete  aggregate,  gravel  concrete  .  118.210.211 
as  constituent  of  base  course  materials,  sand- 
clay-gravel  base  courses 1-12, 

16,17,57-60,  173  (fn),  187 

Gravel  courses,  gravel  layers.. .  162,198,202 

Grooves,  formation  in  concrete  slabs  121. 

122,209.212.213.219 
H 

Harvard  University,  stabilometers  used  by 136, 

140,142.143 

Hatt.W.K 86,103 

Hawthorne,  George  Edward .   —      23(i 

Heavingofsoils... 4-6.8.17.83,198 

Hencky.Heinrich...-  ....  158-162,232 

Hennes,  method  of  applying  load  to  stabilometer 

samples 142 

Hess,  OttoS 125 

Highway  Research  Board: 

annual  meeting  of,  notice  of. .  - 170 

r.top. 143 

Highways  of  History,  publication  notice.. 154 

Hills: 

marking  of  pavements  over  hill  crests 190-194 

motor  vehicle  passings  on 229,  230 

motor  vehicle  performance  on,  grade  tests 

of 228-230 


Page 

Hinge  action  of  joints  in  concrete  pavements 112, 

120, 121, 208 

Historic  highways,  r.  to  p 154 

Hogentogler,  C .  A .,  joint  author,  a 133-144, 153, 154 

Hough,  B.  K.,  Jr 162 

Housel.W.S 135,138,140,153 

Huizinga,  Professor 153 

Humidity,  as  affecting: 

action  of  water-retentive  chemicals  when 
used  as  admixtures  with  nonplas- 
tic materials 174, 175, 186 

curing  of  mortar  specimens.. . 67-69.  74,  75 

Hveem,  F.  N 133,134,138-140,153 

Hydrometer  tests  of  soils,  simplified  computation 

of  test  data,  a 13-16 

Hydrometers. 13-16 

Hydrostatic  pressure  in  clay  soils  supporting  fills.      1 6 1 
Hygrometers,  use,  r 174 


Illinois,  University  of,  bulletins  on  bridge  floor 

design,  publication  notice 230 

Impact  factors  for  use  in  structural  design  of  con- 
crete pavements 85,  86, 126 

Impact  reactions  of  concrete  pavements 83-87, 

95,  96,  98,  100-103.  108,  112,  118, 126,  205 
Improvement,  highway: 

master  plan  for 65-66,  75 

on  basis  of  road  use 45,  54, 62,  63,  21 7 

Index  to  public  roads,  publication  notice 152 

Insulating  qualities  of  cotton  mats  used  in  curing 

concrete  pavements 67,  216,  219 

Interregional  highways,  national  system  of,  plan 

for 65-66,  75 

Intersections,  highway: 

approaches  to,  striping  of 192-194 

no-passing  zones  at 192-194 

Iowa  Engineering  Experiment  Station,  research, 
cost  of  operating  rural-mail-carrier 

motor  vehicles 217 

Isotropic  materials  under  loaded  circular  area8, 

stresses  in 231  237 

Isofropy,  assumption  in  analysis  of  settlement 

of  soils  by  consolidation 231 


Jackson,  F.  H.,  joint  author,  a 67-75 

James,  E.  W _.  193  (fn) 

Jamieson,  J.  A 133,134,143,153 

Joint,  fillers  for  use  in  concrete  pavements...  Ill, 

114,  120-122,125,21(1 
Joints  in  concrete  pavements: 

as  affecting  impact  reactions  to  wheel  loads       85, 

112,  118 

as  restraint  to  warping  of  concrete .        98. 

99,  120-122,  126 
design — 

efficiency  of  various  joint  types  120-126 

types  used  in  experimental  reinforced 

concrete  pavement  (Indiana)...  209-214. 
218,  219 
spacing  and  its  relation  to  development  of 

stresses  in  slabs 112-114.119,120. 

125,  205,  207,  209,  210,  212,  218,  219 
structural  steel  joints,  use...  209-214.  218,  219 

width 113,114,  120.123-125,209,218,219 

Jiirgenson,  Leo 134, 136, 142, 143, 153, 158,  162,  234 

Jute  and  burlap  curing  blankets  for  concrete    . .  67-75 

K 

Kellermann,  W.  F  : 

as  joint  author,  a _  67-75 

r„  r.  to  p .   104,126 

Kelley,  E.  F..  a.,  r...  ..  83-104,107-120.207 

Kerosene,  use  in  vibratory  compaction  tests 9,  56 

Keverling-Buisman,   A.   S.,  stabilometers  used 

by.. 134,138,140,142,153 

Koenitzer,  L.  H 88,  104 

Krey  method,  use  in  computation  of  supporting 

power  of  soils  beneath  fills 162 

Krynine,  1)    p  ..232,235,236 

I. 

Labor  requirements  and  costs: 

in  blasting  operations  in  fill  construction  over 

swamps 200,201 

in  curing  concrete  pavements  with  cotton 

mats 215,216,219 

in  rural  mail  delivery  by  motor  vehicle 217 

Lancaster,  R.J 126 

Land,  acquisition  in  highway  improvement  pro- 
grams  65,06,75 

Landscaped  express  highways 66 

Lanes,  traffic: 

brake  testing  lanes 149,  152 

extra   lane    for    slow  moving    vehicles    on 

grades 230 

marking  of 189-194,202 

Latex  as  concrete  curing  agent 67-75 

Leaching  tests  of  chemically  treated  sections  of 

circular  test  track 176-179,  186 

Leakage  (of  fluids,  air)  from  compression  cham- 
bers of  stabilometers,  prevention  .     130, 

143 
Level  measurements  of  reinforced  concrete  pave- 
ment  214,218 

Leveling  rod  with  special  attachment 218 

Levers,  use  in  application  of  load  in  triaxial  shear 

tests  of  materials  140 
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Licenses,     permits,    etc.     (motor-fuel,     motor- 
vehicle)  : 

receipts  from,  1938 77,  79,  80,  168,  170 

see  also  Rural  mail-carrier  motor  vehicles. 

Lightburn,  F.  E 89,93,104 

Limerock  as  base  course  material _.  26, 38. 39 

Limestone  aggregates: 

blending   curve   for  crushed  limestone  and 

artificial  limestone  sand 60 

i  nlluence  upon  thermal  coefficients  of  expan- 
sion and  contraction  of  concrete  .        97 
use  in  test  sections  of  circular  track  instudies 

of  water-retentive  chemicals. . .     173,  187 
Limestone  dust  as  component  of  blended  aggre- 
gates  60,61 

Lip-curb  design  of  concrete  pavements 107 

Liquid  bituminous  materials: 

as  concrete  curing  agents .  67-75 

densities  obtained  by  paving  mixtures  con- 
taining         58 

use  in  construction  of  experimental  bitumi- 
nous-treated surfaces 21-43 

Liquid  limits  of  soils... 1, 

16,  21,  39,  173,  174,  183,  198 
Liquids: 

liquid  compounds  as  concrete  curing  agents. _  67-75 
use  in  pressure  chambers  of  stabilometers  __     134- 

140,143,144 
see  also  Liquid  bituminous  materials. 

Load  stresses  in  concrete  pavements 83-96, 

98-104, 107-112.  122-126,  205,  207,  210 
Load  transfer  by  joints  in  concrete  pavements.  _.    Ill, 

122-120.  20r, 
Loaded  areas: 

circular  loaded  areas,  stresses  under,  a 231-237 

earth     pressures     under,     friaxial     shear 

tests 133-144,153,  154 

plane  strain  conditions  in,  analysis  in  design 
of  fill  supported  by  clay  underlaid 

by  rock 157-102 

Loading  diagram  for  blasting  swamp  mat  and 

underfill 201 

Load' 

application  methods  and  applied  loads  in 

various  tests  of  materials 55-58, 

69-71,80,133-144.  153 
breaking  loads  of  mortar  specimens  in  tests 

of  concrete  curing  materials 69-71,73 

concentrated   loads  on  bridge   floor   slabs, 

r.  to  p 230 

of  motor  vehicles — 

mail-carrier     motor     vehicles     (rural), 

r.  to  p 217 

trucks  used  in  grade  tests 230 

on  concrete  pavements — 

impact  loads 83-87,95, 

96,  98, 100-103,  108, 112.,  118,  126,  205 

static  loads 83-X7. 

94-96,98,100-103,108.  126 

on  wheels  of  circular  test  track 4,  5,  7,  173 

Local  roads  and  streets: 

funds  for,  from  various  State  tax  receipts, 

1938 127-130 

improvement  of,  recommendations. . .  66,  75 

travel  on,  road-use  study  data 45-54,  62,  63 

loess  subgrades 118 

Longitudinal  cracks: 

in  bituminous-treated  surfaces  on  sand-clay 

bases 36 

in  concrete  pavements,  prevention  bv  joint 

design 120,  120 

Longitudinal  joints  in  concrete  pavements 98. 

99,  119-126,  208,  209 
Longitudinal  profiles  of  circular  track  sections 
in  study  of  sand-clay-gravel  base 

course  materials 10 

Longitudinal  profilometers 7-10,  175 

Longitudinal   steel   reinforcement   of   concrete 

pavements... 119, 

120,  205-214,  218,  219 
Longitudinal  warping  stresses  in  concrete  pave- 
ments        97-99 

Love,  A.  E.  H 231-237 

"1. ucit  e"  cvlinders  as  pressure  chambers  of  sta- 

bilometers.. 137,  no 


M 


Mail-carrier   motor   vehicles,   rural,   operating 

costs  of 217 

Maintenance: 

of  bituminous-treated  surfaces  on  sand-clay 
and     marl     bases,     maintenance 

costs 21-43 

of  joints  and  cracks  in  concrete  pavements..      113 
Manometers,  pressure  gages,  tvpes  used  in  sta- 

bilometer  assemblies....  133, 134, 137-113 
Maps,  spot,  use  in  highway  safety  education. ..     146, 

150,  151 
Marking  and  signing  no-passing  zones  on  two- 

and  three-lane  highways 189-194,  202 

Marl  base  courses,  South  Carolina  experiments.  21-24, 

26-32.  38.  39.  4'.'.  13 
Marl  wearing  courses,  service  behavior.  South 

Carolina  experiments _ 38 

Marr,  Robert  A.,  Jr.,  a 215-216,219 

Marshes,  blasting  in  construction  of  highways 

over 197-202 

Massachusetts  Institute  of  Technology,  shear 

test  apparatus 143, 154 

Mechanical  analyses: 

of  crushed  stone  aggregates 22,  187 


Mechanical  analyses— Continued.  Page 

of  samples  of  bituminous  mats  on  sand-clay 

bases 34 

of  soils 1,13-16,21 

see  also  Grading  of  aggregates. 
Metal  cylinders  as  pressure  chambers  in  stabil- 

ometers 134,  140, 142 

Micaceous  soils,  densities  obtained  by  various 

methods  of  compaction 57,  58 

Micrometer  dials,  use  with  testing  apparatus  ..      55, 

56,140,  142 
Micrometer  measurements: 

of  length  changes  in  concrete  pavement 

slabs 113 

of  width  changes  in  joints  of  experimental 

reinforced  concrete  pavement 218 

Mileage  taxes,  State  motor-carrier  tax  receipts 

from  (1938) so 

Mileages: 

of  highways  in  United  States- 
highway  systems  (three  classifications).        4fi 

marked,  striped,  rural  highways 189 

secondary  and  feeder  roads 66 

see  also  headings  beginning  Federal-aid. 
vehicle  mileages,  see  Vehicle-mileage  data. 

Mitchell  formulas,  r.. 102 

Mixed-in-place  method  of  construction  of  experi- 
mental bituminous-treated  sur- 
faces  21-43 

Mixing  methods  used: 

for  mortar  specimens  in  tests  of  concrete 

curing  materials 69 

in  construction  of  experimental  road  sur- 
faces    1.2,17,21,26-39,42,43,174 

Mohr's  circles  of  stress,  r.,  r.  to  p ..   137.153 

Moisture  content: 

of  circular  track   lest  sections  before  and 

after  traffic  tests 2, 

11,  17,  174   170,  17s  iso,  is;,,  im; 
of  concrete- 
as    affected    bv    curing    methods    and 

materials 67-75,216,219 

variations  in,  effects  on  concrete  slabs         si, 
89,93,100,112-114,205,207 
of  soils — 

optimum  moisture  content 1-3, 17, 174,  185 

relal  ion  to— 

eompactibilitv  and  stability..  -  1-11. 

16,  17,  20-34,  37-39,  42,  43.  55,  58, 

173-186,198,202 

shear  resistance 133-144. 153,  154 

Moisture  equivalents  of  soils 21,  39,  lys 

Moisture  warping  of  concrete  pavement  slabs...     100. 

101,100,  112 

Moments  in  bridge  slabs,  r.  to  p 230 

Mortar  specimens,  data  from  tests  of  concrete 

curing  materials .  07  75 

Motion  pictures,  use  in  highway  safety  educa- 
tion       145-148,150-152 

Motor-carrier  tax  receipts  (State)  and  disposi- 
tion of,  1938 so.  129 

Motor-fuel  consumption  in  United  States: 

1930   46 

1938 76 

Motor-fuel  costs  in  winter  and  in  summer,  data 
for    mail-carrier    motor    vehicles 

(rural) 217 

Motor-fuel  taxes,  State: 

rates,  1938 76,  77, 168 

receipts  from  and  disposition  of,  1938. .  127,  10s,  169 
Motor-vehicle  receipts  (State): 

and  disposition  of,  1938 70.  128 

trends   in   motor-vehicle  registrations   and 

receipts,  a. 103-170 

Motor  vehicles: 

commercial  vehicles,  spacing  on  highways, 

Illinois  requirements 230 

grade  tests 228  230 

mail-carrier  motor  vehicles  (rural),  operat- 
ing costs 217 

ownership — 

publicly  owned  motor  vehicles 78, 107 

trends  in,  State  and  national 163-170 

passings  on  highways 221-230,237,238 

persons  per  registered  vehicle 104-107 

road-use  study  data 45-54,  62,  63 

slow-moving  vehicles  on  highways 190, 

191, 228-230 
see  also  Registration  fees  (motor  vehicle)— 
Registrations. 

Moyer,  R.  A.,  joint  author,  r.  to  p 217 

Muck  beds,  blasting  in  fill  construction 197-202 

Mud.  extrusion  through  bituminous  surface 3 

Muir,  Levi 135,  138 

Multiple-lane  highways: 

marking  and  signing  no-passing  zones  on.  189-194, 

202 

recommendation 66 

Municipal  (and  State  and  county)  ownership  of 

motor  vehicles 107 

N 

National  Resources  Committee,  report 65 

Nonplastic  road-building  materials,  admixture 
treatment  with  water-retentive 
chemicals 173  187 

No-passing  zones  on   highways,   marking  and 

signing  of 189-194,202 

Norinann,  O.  K.,  a....  195-190,  203,  221-227,  237.  238 
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Ohio  Post  Road us 

Operating  costs  of  mail-carrier  motor  vehicles 

(rural) 217 

Oven  drying  of  test  specimens 56,69 


Paddock,  LohertlL.authoraudjointaul.hoi,  a      45    A, 

62,63,  163   170 
Painting  or  greasing  to  prevent  bond: 

between  concrete  and  dowels 120 

between  concrete  and  steel  reinforcement         209 
Palmer,  L.  A.,  author  and  joint  author: 

a 157-162,231-237 

r..  r.  to  l>    135,  138,  153,  101  (fn),  102  tfni 

Pan-type  vibrators 212,  213 

Paper  coverings  as  concrete  curing  agents 07-75 

Park  and  forest  roads,  etc.,  funds  for,  from  vari- 
ous State  tax  receipts,  1938 127-130 

Parsons,  A.  W,  a    197-202 

Passings  on  highways,  vehicle: 

no-passing   zones   on    two-   and   three-lane. 

roads,  marking  and  signing  of,  a        189- 
104.202 

studies  of,  a 221-230,237,238 

I  'a  i  iois,  school  safety  (Wisconsin) 145-148,152 

Pauls,  J.  T,  joint  author,  a ..  .55-61 

Peal  bogs,  blasting  in  fill  construction  over..  197-202 
Pedestrians  on  highways  (Wisconsin): 

accident     data 152 

motion  picture 152 

safety,  promotion  of 145-147,  150,  152 

Penetration  data: 

for  bituminous  materials  used  in  experimental 

surfaces  in  South  Carolina... 21, 

22,31,32.39 
for   extracted    bitumen   from   experimental 

mats  on  sand-clay  bases 34 

Penetration  methods  of  bituminous  road  con- 
struction: 
modified   method  used  with  emulsion  on 

experimental  road 29.30.  12 

see  also  Bituminous  surface  treatment. 
Permeability  of  soils: 

coefficient  of,  computation  by  use  of  slide 

rule 15 

determination,  stabilometer  assembly  used 

for 130 

Permeameter,  falling-head 15 

Permits,  see  Licenses,  permits,  etc.  (motor-fuel, 

motor-vehicle). 
Photoelastic  devices,  use  in  three-dimensional 

problems  of  stress  distribution.  235,236 
Photography,  use  in  highway  safety  investiga- 
tions        150 

Pittsburg,  Calif.,  Test  Road 107 

Plane  strain  conditions,  analyses  of,  use  in  design 

of  fill 157-102 

Planes  of  weakness,  dummy  joints,  use  in  con- 
crete pavements 121, 

122, 124, 125,  209-213,  218,  219 
Planning  of  highways: 

master  plan  for  national  highway  develop- 
ment       65-66, 75 

on  basis  of  road-use  studies 45,54,62,63 

Plantings,  roadside,  on  cut  slopes...   .   .        17 

Plastic  equilibrium,  theory  of.  application  in 
design  of  fill  supported  by  claj 

underlaid  by  rock .   157-102 

Plastic  flow,  plastic  yield: 

of  concrete  100,113 

of  soils 157-102,232 

Plastic  limit  of  soils 144 

Plastic  materials,  transparent,  use  for  outer  shells 
of  pressure  chambers  in  soil-testing 

apparatus 135,137,139-142,153 

Plasticity  indexes  of  soils 1-12, 10. 17.21,38, 

39,  58,  173,  174, 183, 184.  ISO,  187,  198 
Plasticity  of  soils: 

relation  to  compactibility  and  stability   ...    1-12. 
10,  17,21,30,38,39,58 
stresses  at  which  soils  under  load  become 

plastic .   ...       144 

Plasticity  tests  of  crusher-run  materials  as  indic- 
ative of  service  behavior 187 

Plunger  type  stabilometers 137. 138, 140, 142, 143 

Poisson's  ratio—    87-91,100-104,157,158,230,237 

Police: 

State  highway  police,  funds  for,  from  various 

State  tax  receipts,  1938 127-130 

training  of  traffic  officers  148-150 

Population,  distribution  of,  relation  to  motor- 
vehicle  ownership  and  travel  .     .45-48, 
53.54,62,63,103-170 
Pore  pressures  in  soil  samples,  triaxial  shear  test 

data ..  136,138,144.  153 

Porousstones.useinshear  testsofsoils  135-140. 142-144 
Potential  theory,  application  in  computation  of 

stresses  beneath  foundations 233,  234 

Prandtl.L  159,161,102 

Premixed  bituminous  materials,  use  in  mainte- 
nance ofexperimental  bituminous- 
treated  surface 29, 31,  32.  35 

Pressure  chambers  in  stabilometer  assemblies     134  143 
Pressure  distiibution: 

in  clay  soil  underlaid  by  rock  and  supporting 

earthfill  159-102 

of  tires  on  pavements 231,  232,  237 

over  loaded  circular  areas  .....  ...   231-237 

Pressure  gages  in  stabilometer  assemblies  133, 

134. 137-143 


INDEX  TO  PUBLIC  ROADS,  VOLUME  20 


Pressure(s):  Pase 

earth  pressures  against  retaining  walls,  tri- 

axial  shear  test  data 133-144,153,154 

inflation  pressures  of  tires,  relation  to  impact 

reactions  in  concrete  pavements-  - .        84 
spring  pressures  on  axles  of  motor  vehicles  as 
components  of  forces  delivered  to 

road  surfaces  by  wheels 84 

see  also  headings  beginning  Pressure,  also 
Stresses. 
Primary  roads: 

mileage  data 45,46 

travel  on 45-54,62,63 

Prime  coats,  materials  and  methods  used  in  con- 
struction of  bituminous  surfaces..  ..   2, 
17,  21-37, 174 

Proctor  tests  of  soils 1, 2, 17, 174, 185 

Profiles: 

and  measurements  of  surface  displacements 
of  experimental  bituminous  sur- 
faces   3,5-7,9,10,175,178,180-182 

of  highway  built  over  swamp 199 

Profilometers 3,  5-10, 175, 180, 182 

Publicity,  use  in  highway  safety  programs.  146-148, 150 


Radio  programs,  use  in  highway  safety  educa- 
tion  145, 148, 150 

Rail  steel,  use  as  reinforcement  of  concrete  pave 

ments 119,  2'08,  209,  214 

Railroad  crossings,  see  Grade  crossings. 
Ravelling  of  experimental  bituminous  surfaces ...   3-12, 
16, 17,  27-39,  42.  43, 173-187 
Recording  instruments  (traffic),  traffic  counters      195- 

196,  203,  228 
Registration  fees  (motor  vehicle),  receipts  from, 
1938: 

average  receipts  per  vehicle 168-170 

statistics,  by  States 79,169 

Registrations,  motor  vehicle: 

by  population  groups 45-48 

statistics,  by  States,  1938 78,169 

trendsin,a._ _.  163-170 

Reinforcement: 

of  concrete  pavements  112,118-120,205-214,218,219 

of  undersoils  of  earth  fills 162 

Retaining  walls,  design 133-144, 153, 154 

Retreatments    of     experimental     bituminous- 
treated  surfaces 21-42 

Revenues,  highway,  and  disposition  of 45, 

62,  66,  77,  79,  80, 127-130, 103-170 
see  also  headings  beginning  Federal-aid. 

Richart,  F.  E.,jointaufhor,r.,r.  top 88, 104 

Right-of-way  acquisition 65, 66 

Right-of-way  lines  in  relation   to    transitions, 

r.  top 217 

Ring  type  of  stabilometer .  112,143 

Road-mix  method,  use  in  construction  of  ex- 
perimental       bituminous-treated 

surfaces. 21-43 

Road-use  studies,  preliminary  results  of,  a 45-54, 

62, 63 
Roadside  improvement  by  rounding  cut  slopes  17 

Rodgers,  Roe  P.,  joint  author,  a 45-54.62,63 

Roosevelt,  President  Franklin  D.,  message  of 

April  27,  1939 65 

Roughness  indicator .. .    ..   85.103 

Roughness  of  roads,  surface  displacements 1-12, 

16,    17,   29,   32-38,   83-86.    118.     125, 
175-183,  205 

Rounded  cut  slopes  17 

Roy,  N.  H.,  joint  author,  r.,  r.  to  p 88, 104 

Rubber    (latex)    emulsion    as   concrete    curing 

agent  67-75 

Rubber  types  of  stabilometers ,         ._  134-143 

Rupture,  moduli  of.  of  concrete..  ..  ..  los.m 

Rural  areas,  residents  of,  road  use  by 45-54,62,03 

Rural  mail-carrier  motor  vehicles,  cost  of  operat- 
ing  217 

Rural  roads: 

expenditures   for,   allocations   of  funds   for 
State    highways    and    for    local 
roads  and  streets   . .  62, 63,  65, 66, 127-130 
marking  and  signing  no-passing  zones  on  .  189-194. 

202 
slow-moving  vehicles  on,  relation  to  traffic 

capacities  of  highways 228-230 

travel  on 45-54,62,03,05,66 

see  also  headings  beginning  Federal-aid. 
Rutting  of  experimental  bituminous  surfaces.   3-10, 
17,  33,  36, 175, 177-180, 182, 183 


Safety: 

factors  of  safety  in  design— 

of  concrete  pavements ...  83, 80, 87, 101, 125, 126 
offillsonclaystrata  underlaid  by  rock  .   161,  162 
highway  safety  promotion  activities  of  the 
State    Highway    Commission    of 

Wisconsin,  a 145-152 

Sand: 

as  component  of— 

base  course  materials,  see  Sand-clay— 
Sand-clay-gravel. 

blended  aggregates 59-61 

as  subgrade  material ..  21,22,32.116 

compaction  by  vibratory  compactor 56 

densities-  - 

and  rates  of  consolidation 57 

critical  densities,  determination 136, 153 

stock  piling,  Indiana  specifications 211 

use  in  retreatments  of  experimental   bitu- 
minous-treated surfaces..  24, 25, 28, 31, 32 


Sand-clay 1,3,6,9,11,12,16, 

21,  22,  25,  26, 30-39,  42,  43,  57,  58. 173  (fn) 

Sand-clay-gravel 1-12, 16, 17,  57-60, 173  (fn) ,  187 

Sand  layers,  use  on  undersoils  of  fills 162 

Sand  strata  underlaid  by  clay,  foundations  on, 

stresses  beneath. _ 231 

Saturation  of  road  materials,  testing  after  sub- 
jection to 153 

Scarifying  operations 27-31, 36,  58, 182  (fn),  183 

School  children,  education  in  highway  safety.  145-152 

Schools,  training,  for  traffic  officers-. 148-150 

Seal  caps,  use  for  joints  in  reinforced-concrete 

pavement 210,212 

Seal  coats  of  experimental  bituminous-treated 

surfaces 21-24, 26-37, 39-42 

Sealing: 

of  surfaces  of  mortar  specimens  during  curing 

processes _  67-75 

of  wcakened-plane  joints  in  reinforced  con- 
crete pavement,  tight  seal 219 

Secondary  roads: 

and  feeder  roads — 

Federal-aid  projects,  status  of.  19, 106, 132, 156, 
240;  rear  covers  of  Nos.  2-4,  8-11 

improvement,  recommendations 60 

and  local  rural  roads — 

mileage  data 46 

travel  on 46-48,62 

Sedimentation  periods  in  hydrometer  tests  of 
soils,   equivalent   grain   sizes   for 

various  periods 13, 15 

Seibert,  E.  C  joint  author,  r.,  r.  to  p 135, 138, 153 

Semicircular  bearing  areas  of  edge  loads  on  pave- 
ments  _ --..  95,96 

Service  behavior: 

of  experimental  roads — 

bituminous  surfaces  on  sand-clay-gravel 

base  courses 1-12, 16, 17 

bituminous-treated  surfaces  on  sand-clay 

and  marl  bases 21, 26-43 

nonplastic  materials  treated  with  water- 
retentive  chemicals 175-187 

reinforced  concrete  roads..  200-208, 214,  218,  219 

of  soil-type  bases,  relation  to  densities 58 

Settlement  of  soils: 

accelerated  settlement  of  embankments  by 

blasting,  a 197-202 

see  also  Compaction,  consolidation. 
Shear  bars,  use  across  weakened-plane  joints  in 

concrete  pavement. _.  210,212 

Shear  tests  of  soils: 

direct  shear  tests 143, 144, 153 

triaxial  shear  tests,  a 133-144, 153, 154 

Shearing  stresses: 

in  clay  strata  underlaid  by  rock  and  support- 
ing earth  fills 157-102 

in  materials  tested  in  stabilometers  138,139,143,144 
in   plastic  materials  pressed  between  two 

rough  parallel  plates 158-160 

in  steel  reinforcement  at  weakened  plane 

joints  in  concrete  pavements 210 

under  loaded  circular  areas 231-237 

Sheet  asphalt  pavements,  blended  aggregates  for 

use  in. 01 

Sheppard,  W.  F.,  r.  to  p 234(fn) 

Shrinkage  of  soils,  shrinkage  limits,  shrinkage 

ratios 21,26,39,  198 

Sight  distances  on  highways 66, 

189-194,  202,  222-227,  229,  237 

Signs  and  signals,  highway 150,152,189-194,202 

Silica,  siliceous  aggregates 1,26,39,97,  173 

Silt  contents  of  various  soils 21, 198 

Sisal  fibers,  use  to  reinforce  waterproof  paper  as 

concrete  curing  agent 68 

Six-wheel  trucks  and  trailers,  critical  stresses  in 

concrete  pavements  produced  by.        83 
Slag,  use  in  circular  test  track  sections  in  studies 

of  water-retentive  chemicals 173- 

175, 181-187 
Slide  rule  and  special  indicator  for  use  in  soil  tests  13-16 
Slump  of  concrete  used  in  experimental  pave- 
ment  210,211 

Snow  and  ice  removal  from  rural  highways, 

justification  of 217 

Sodium   chloride   as   admixture   in   nonplastic 

road  materials..  173, 174, 177-180, 183-187 

Sodium  silicate  as  concrete  curing  agent 67-75 

Soil  analyses  of  limerocks  or  marls 39 

Soil  base  course  materials 1-12, 

16, 17,  21-43, 58-61, 173-187 
Soil  constants: 

data  for  various  soils 1,  21,  39. 174, 198 

r.  top 15(fn),154 

Soil  grains: 

grain  size  determination,  calculating  board 

for 16 

grain  size  distribution,  hydrometer  test  for, 

simplified  computation  of 13-16 

Soil  groups,  classification  data  for  various  soils..      21, 

30,36,38,197,198 
Soil  mechanics: 

application  to  design  of  fill  supported  by  clay 

underlaid  bvrock.. 157-162 

r.  top 153,154,157  (fn),  161  (fn),162  (fn) 

Soil  mortar  (material  passing  No.  10  sieve)  in 

circular  track  test  sections 1 , 

11,12,16,17,174,176 

Soil  roads,  bituminous  surfaced ,___ 1-12, 

16,17,21-43,173-187 
Soil  samples,  preparation  in  stabilometer  tests..     135, 

136, 139, 140, 153 


Soil  tests:  1'age 

compaction  tests 1,2,17,56-58,174, 185,198 

hydrometer  tests 13-16 

mechanical  analyses _.  1, 13-16,21 

triaxial  shear  tests. _  133-144, 153, 154 

Soils: 

movement  in  loaded  areas,  plane  strain  con- 
ditions in  fill  supported  by  clay 

underlaid  by  rock 157-162 

pulverized  soils  as  components  of  blended 

aggregates 59 

see  also  names  of  soils,  also  headings  begin- 
ning Soil. 
South  Carolina  roads,  experimental  bituminous- 
treated  surfaces  on  sand-clay  and 

marl  bases 21-43 

Spangler,  M.  O 89,93,101 

Specific  gravity  (ies): 

of  aggregates __  56,57 

of  bituminous  materials  used  in  experimental 

surfaces _ 22 

of  soils ..  13-16 

Speeds  of  motor  vehicles  on  highways 83-85, 

191-193.  217,  221-230 

Sprayed  materials  as  concrete  curing  agents 67-75 

Sprinkling  operations: 
in  construction  of — 

bituminous-treated    surfaces    on    marl 

bases 26,29 

circular  track  test  sections.  2,  5, 16, 175-184,  186 
in  curing  of — 

concrete  pavements — __  ..  215,216 

mortar  specimens. _ 68-75 

Stability 

of  bituminous  surfaces  as  affected  by  type 

and  condition  of  base  courses 1-12, 

16, 17,  27-39,  42,  43, 18.5-187 
of  road  materials — 

mixtures  of  granular  aggregate  and  clay 
binder  as  affected  by  water  proof 

surfacing 173 

see  also  Shearing  stresses. 
Stabilization: 

of  embankments  by  blasting 197-202 

of  soils,  experiments  in  South  Carolina 22. 

26,  27,  42,  43 

Stabilometer  tests  of  soils,  stabilometers 133- 

144, 153, 154 

Stanton,  T.  E 107 

State  highway  obligations,  funds  for  service  of, 
from  various  State  tax  receipts, 

1938... 127-130 

State  highways: 

funds  for,  from  various  State  tax  receipts, 

1938 127-130 

travel  on 45-54,62,63 

Steel  reinforcement  of  concrete  pavements: 

continuous  reinforcement,  experiments,  a. . .    205- 

214,218,219 

design  and  placing 112, 

118-120, 126,  205-214,  218.  219 

elongations  of  steel 119, 122,210 

weight  data 120,208,209,214,219 

Rtereogoniometer  (Krynine). 235,230 

Steuber.  William  F.,  a 145-152 

Stiffness,  relative,  radii  of,  values  in  design  of 

concrete  pavements 8S 

Stokes'  law,  use  in  computation  of  soil  grain  size.  13-16 
Strains: 

in  concrete  cantilever  beams  under  static  and 

impact  forces  of  same  magnitude...        86 

in  concrete  pavement  slabs 87,88,100,207 

in  materials  tested  in  stabilometers 138. 

139, 142-144,  153 
plane  strain  relations  in  clay  strata  underlaid 

by  rock  and  supporting  fills 157-162 

Straw  coverings  (wet)  as  concrete  curing  agents.  07.  213 
Streets  city: 

funds  for.  from  various  State  tax  receipts, 

1938 127-130 

improvement  of,  recommendations. 66,  75 

mileage  data  (United  States).. 40 

travel  on.  motor  vehicle ..  46-48,54,62 

Strength  tests,  see  Compressive  strength— Flex- 

ural  strength— Tensile  strength. 
Stress  coefficients  for  corner,  interior,  and  edge 

loading  of  concrete  pavements 90-92 

Stress  cycles  in  tests  of  fatigue  limits  of  concrete         86 
Stress-strain  relations  of  materials  in   triaxial 

shear  tests 138,139,142-144,153 

Stresses: 

in  clay  strata  underlaid  bv  rock  and  support- 
ing earth  fills— . 157-162 

in  concrete  pavements,  analyses  of 83-104, 

107-126, 205-210 
in    plastic   materials   between    two   rough 

parallel  plates 158-161 

in  soils  under  pressure,  shear  stresses 133-144. 

153, 154 
in  steel  reinforcement  of  concrete  pavements.     83, 
119-122,206-210,210 
in  tie  bars  used  in  longitudinal  joints  of  con- 
crete pavements 120-122 

under  loaded  circular  areas — 

a -.  231-237 

three-dimensional  stress  systems,  anal- 
ysis of --  231-237 

Strip  loads  on  clay  underlaid  by  rock,  stresses 

produced  by 157, 160 

Striping  of  pavements,  State  practices 189-194,202 

Sub-bases  of  bituminous  surfaces,  water  in  and 

effects  of 1-7, 10, 16, 17, 38, 173-187 
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Subgradc  modulus,  variations  in  as  affecting 
computed    stresses    in     concrete 

pavements 87-94, 

97-103,109-111,123 
Subgradc  resistance  to  movement  of  concrete 
slabs: 
as  affected  by  tar-paper  treatment  of  sub- 
grade 118 

coefficients  of 114-117,119,208 

relation  to  development  of  stresses  in  slabs        112- 

119,205-210 
see  also  Subgradc  modulus. 

Superhighways,  transcontinental 65-06,75 

Supporting  power  of  soils 133-144, 

153,154,157-102,231-237 
see  also  Base  courses. 
Surface  treatment,  bituminous,  sec  Bituminous 

surface  treatment. 
Surfacing  materials: 

aggregate-type  surfacing  materials  (coarsc- 

graded),  chemical  admixtures  in..     173- 

187 
semirigid  materials,  triaxial  shear  tests  of.  133-144, 

153,  154 
see  ii/sn  names  of  surfacing  materials  and 
names  of  types  of  surfaces. 
Surveys: 

marking  and  signing  of  pavements 189-194,  202 

traffic  surveys,  traffic  counters  and  detectors 

used  in 195-196,203,228 

see  also  Passings  on  highways,  vehicle — Road- 
use  studies. 

Suspension,  soils  in,  computation...     13-16 

Sutherland,  Earl  C.  (E.  C),  joint  author,  r.,  a      126, 

205-214,  218,  219 
Swamps,   blasting  operations  in  highway  con- 
strue! ion  nvn      197-202 

Swell  tests  of  materials,  apparatus  for 135-137 


Tar,  types  and  quantities  used  in  experimental 

bituminous  surfaces 2,  21-37,39, 174 

Tar  paper  treatment  of  loess  subgrades 118 

Tarred  felt  as  joint  filler  in  concrete  pavements..  120, 121 
Taxes  (user)  and  revenues  from,  motor  vehicle..       45, 
62,  66,  76,  77,  79,  80, 127-130,  168-170 
Telemeter  data  for  length  changes  in  concrete 

pavement  slabs 113 

I  i  Her,  L.  W 102-104,126,231 

Temperature  differentials,  development  in  con- 
crete slabs 96-102, 

112,118,123,126,205,207 
Temperature    stresses,     temperature    warping 

stresses,  in  concrete  pavements  . .       67, 
83,  86-90,  93,  96-104,  107-118,  123,  126. 
205,  207,  208 
Temperal  ure  variations: 

air  temperature  variations — 
as  affecting- 
action   of  water-retentive  chemical 

admixtures 174, 175 

concrete  pavements,  see  Tempera- 
ture differentials— Temperature 
stresses 

in  cities  of  United  States,  1936-1938 117 

correction  factors  for,  in  hydrometer  tests  of 

soils ..   13-16 

in  concrete  pavement  slabs  during  curing  . .       67, 

216,  219 
Temperatures,  testing,  used  in  tests: 

of  bituminous  materials. 21,22,34 

of  concrete  curing  materials 68,69 

of  soils 13-16 

Tensile  strength: 

of  concrete  pavement  slabs,  relation  to 
stresses  caused  by  subgrade  resist- 
ance...  112,205-207 

see  also  Tensile  stresses. 
Tensile  stresses: 

in  concrete  pavements 87-90, 

90-99,  112-117,  120,  205-207 
in  steel  reinforcement  of  concrete  pavements      119- 

122, 200-210 


Tensile  stresses— Continued.  ''' 

in  steel  tie  bars  used  in  joints  in  concrete 

pavements 120-122 

Terzaghi  method,  use  in  computation  of  bearing 
capacity  of  soils  supporting  sym- 
metrical fills 161,162 

Thermal  coefficients  of  expansion  and  contrac- 
tion of  concrete  97-103,112,116,118 

Thermal   conductivity   in   concrete   pavement 

slabs  as  influencing  cracking lis 

Thickened-edge' design  of  concrete  pavements         86, 

97,  107-112, 118, 120-126,  209 

Thickened-edge  joints  in  concrete  pavements  .       120, 

121, 124-126 

Three-lane  roads 189-194,202.230 

Tie  bars,  use  in  joints  in  concrete  pavements  1 19- 

122.  121,  125.200 
Time  intervals: 

in  grain  size  determinations  in  hydrometer 

tests  of  soils .   ....  13,15 

in    motor-vehicle    passings    on    highways, 

time-distance  data  ..   .....  222-229,237 

Timoshenko,  S.,  r.  to  p 157  (fn),  232  (fn),  233  (fn) 

Tires,  motor  vehicle: 
contact  areas  of — 

equivalent  circular  areas 232 

radii  for  corner,  edge,  and  interior  load- 
ings  95,96 

shape  of 94,95,232 

pressure  distribution  on  flexible  pavements.     231. 

232,  237 
types,  sizes,  and  condition,  relation  to  im- 
pact reactions  of  concrete  pave- 
ments..  ..   ...   .  83-87,95. 

90,  98,  100-103,  108,  112,  118,  120.  205 

types  used  on  circular  test  track 2, 173, 171 

Toll  roads  and  free  roads: 

a 65  66,75 

r.  to  p.   ...    .   .        75 

Tongue-and-groove  joints  in  concrete  pavements     120 

126,209 
Township  roads,  see  under  County  roads  and 

local  roads. 
Tractor-truck  semitrailer  combinations,   grade 

tests  and  passings  on  highways  .  228-230 
Traffic: 

aggregate  densities  produced  by,  compari- 
son with  densities  produced  by 
various  methods  of  compaction  58 

amount   justifying   improvement   of  earth 

roads 217 

on  experimental  roads,  traffic  tests  of  exper- 
imental surfaces .   ...   ..    ..     1-12, 

16,  17,  22,  26-28. 107, 173-187 
on  proposed  toll  system  of  transcontinental 

highways,  estimates 65,  66 

passings  of  vehicles  on  highways  ..   189- 

194,202,221-230,237,  238 

road-use  studies,  preliminarv  results  of  45-51,  62,  63 

Traffic  congestion  and  relief  of.. 54, 62, 65,  66,  75, 220.  230 

Traffic  counters  and  detectors 195-196,203,228 

Traffic  laws  and  enforcement  of 146, 148-150. 152 

Traffic  officers,  training  schools  for  (Wisconsin) .  148-150 
Trailers  and  semitrailers,  motor  vehicle    . 

78,  79,  83, 167,  228-230 
Transcontinental  toll  roads,  proposed  .  65-66,  75 

Transition   curves,   handbook   on,   publication 

notice 217 

Transparent  cylinders  in  stabilometers     135. 

137  139-142.153 
Transverse  cracks: 

in  concrete  pavements 85,86. 111-113, 

117,  118,  125,  126,  205-208,  214,  218 
in  experimental  bituminous-treated  surfaces 

on  sand-clay  bases. .     36,37 

Transverse  joints  in  concrete  pavements       85, 86, 102, 
103,  111-114,  118-126,  205.  208.  211-213 
Transverse  profiles  of  experimental  bituminous 

surfaces 5, 7, 175, 178, 181, 182 

Transverse  reinforcement  of  concrete  pave- 
ments..  118-120.208-211 

Transverse  warping  stresses  in  concrete  pave- 
ments     ..      ...    98-103,120-123 

Travel,  motor  vehicle,  on  highways: 

rate  of,  on  pavement,  gravel,  and  earth,  data 
for  rural  mail-carrier  motor  ve- 
hicles  1 217 


Travel,  molor  vehicle,  on  highways  -Con.  L'agc 

road-use  studies,  a .  i;,  -54,62  63 

Triaxial  shear  tests,  a 133  144,153/154 

1  rip  lengths,  data  for  motor  vehicle  travel  on 

highways 48-54,62.03 

Trucks  (motor),  tractor  trucks,  etc .  22,45-54 

78,  79,  83,  163-170,  190,  191,  228  230 
sec  also  Tires,  motor  vehicle. 
Two-lane  roads,  no-passing  zones  on,  marking 

and  signing  of 189-101,  202 


1 


I  niform  Vehicle  Oode,  requirements  for  maxi- 
mum wheel  loads  96 

United  states  Army,  stabilometers  used  by  .  135,130 

Use  ol   roads,   preliminary  results  of  road-use 

studies,  a ___     45-54,62,63 

1  ser  taxes  (motor  vehicle)  and  revenues  from  45, 

62,  60,  76,  77,  79,  80,  127-130,  108-170 


Vehicle-mileage  data  for  motor  vehicle  travel 
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